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TECHNICAL AND ECONOMIC EVALUATION 
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ABSTRACT 
Thermal s p a l l a t i o n  of rock may be d e f i n e d  as a type  of 
p r o g r e s s i v e  rock f a i l u r e  caused by t h e  c r e a t i o n  of t h e r m a l  
stresses induced by a sudden a p p l i c a t i o n  of  h e a t  from a high 
tempera ture  source .  This  technology i s  a p p l i c a b l e  t o  on ly  
c e r t a i n  types  of hard rock ,  such as dolomi te ,  t a c o n i t e ,  and 
g r a n i t e .  I n  1981 and 1982, t h e  d e e p e s t  h o l e s  ever d r i l l e d  by 
t h i s  p rocess  w e r e  d r i l l e d  i n  g r a n i t e  t o  dep ths  o f  1086 f e e t  and 
425 f e e t  r e s p e c t i v e l y .  P e n e t r a t i o n  ra tes  a t  t h e  bottom of  t h e  
deeper  h o l e  reached a maximum of 1 0 0  f t . / h r ,  Because of  t h e s e  
h igh  ra tes ,  cons ide rab le  i n t e r e s t  w a s  gene ra t ed  concerning t h e  
u s e  of t h i s  technology f o r  t h e  d r i l l i n g  of  deep h o l e s .  Based 
on t h i s  i n t e r e s t ,  t h i s  s tudy  w a s  undertaken t o  e v a l u a t e  t h e  
t e c h n i c a l  and economic a s p e c t s  of t h e  technology i n  g e n e r a l .  
I n  r e c e n t  y e a r s ,  t h i s  methodology has  been developed 
p r i m a r i l y  by t h e  Linde Div i s ion  of  Union Carbide Corpora t ion ,  
Tonawands, New York; Browning Engineer ing Corpora t ion ,  Hanover, 
New Hampshire; and Flame Jet  P a r t n e r s  Limited,  Encino, C a l i f -  
ornia. I t  has been used f o r  b l a s t h o l e  d r i l l i n g ,  t h e  c u t t i n g  of 
chambers a t  t h e  bottom of d r i l l e d  h o l e s ,  and t h e  c u t t i n g  of 
narrow grooves i n  rock.  However, because of t h e  v e r y  h igh  
tempera tures  gene ra t ed  by t h e  flame j e t  and t h e  a p p l i c a t i o n  of 
t h e  technology t o  on ly  c e r t a i n  t y p e s  of  rock ,  o t h e r  areas of  u s e  
have been ve ry  l i m i t e d .  
I n  t h i s  r e p o r t ,  e v a l u a t i o n  o f  t h e  technology w a s  performed 
by concep tua l ly  des igning  and c o s t i n g  a t h e o r e t i c a l  f lame j e t  
d r i l l i n g  r i g .  The d e s i g n  p rocess  reviews a number of  d i f f e r e n t  
concepts  of t h e  var ious components needed, and then  chooses 
t h o s e  p i e c e s  of equipment t h a t  b e s t  s u i t  t h e  needs of t h e  system 
and have t h e  b e s t  chance of  being p rope r ly  developed. The f i n a l  
i 
concept  cons i s t s  of  a f l e x i b l e  umbi l ica l '  hose con ta in ing  s e v e r a l  
i n t e r n a l  hoses  f o r  c a r r y i n g  t h e  v a r i o u s  r e q u i r e d  f l u i d s .  An 
e v a l u a t i o n  of  t h i s  system w a s  t hen  made t o  de te rmine  i t s  
o p e r a t i o n a l  c h a r a c t e r i s t i c s .  
The d r i l l i n g  c a p a b i l i t i e s  and t h e  economics of  t h i s  r i g  
w e r e  t h e n  compared t o  a convent iona l  r o t a r y  d r i l l i n g  r i g  by 
t h e o r e t i c a l l y  d r i l l i n g  two h o l e s  o f  approximately 1 5 , 0 0 0  f e e t  
i n  depth .  This  comparison w a s  done by u s e  of  a spread  s h e e t  
t ype  computer program. 
The r e s u l t s  of  t h i s  s tudy  i n d i c a t e  t h a t  f lame j e t  d r i l l i n g  
performs s i g n i f i c a n t l y  b e t t e r  i n  both  t i m e  and cos t .  These 
r e s u l t s  are due p r i m a r i l y  t o  t h e  h igh  p e n e t r a t i o n  r a t e s ,  t h e  
reduced number of t r i p s ,  and t h e  decreased  t r i p  t i m e  due t o  t h e  
u s e  of t h e  umbi l i ca l .  H o w e v e r ,  t h i s  s i g n i f i c a n t  t i m e  and cost  
advantage must be tempered by t h e  f a c t  t h a t  t hey  are  based on 
t h e  assumption t h a t  t h e  main components of  t h e  flame j e t  r i g  can 
be r e a l i s t i c a l l y  and r e l i a b l y  b u i l t .  Unfo r tuna te ly ,  t h e  u s e  of 
an umbi l i ca l  system p r e s e n t s  ve ry  r e a l i s t i c  and d i f f i c u l t  d e s i g n  
problems a s  h o l e  depth  ex tends  beyond 7 0 0 0  f e e t .  Thus, u n l e s s  a 
s i g n i f i c a n t  market for t h e  use  of t h i s  equipment can be found, 
f u r t h e r  development of  an  umbi l i ca l  t ype  system i s  ve ry  ques t ion -  
able. 
An a l t e r n a t e  system sugges ted  by LASL may circumvent  many 
of t h e  problems s t a t e d  above. 
c o n c e n t r i c  p i p e s  and a down h o l e  f l u i d  s e p a r a t i o n  system. 
Concent r ic  p i p e  b u i l t  by t h e  Walker-Neer Manufacturing Company, 
Wichi ta  F a l l s ,  Texas, has  been used s u c c e s s f u l l y  i n  t h e  d r i l l i n g  
i n d u s t r y  f o r  y e a r s .  
and used. Although t h i s  concept  w i l l  a l s o  p r e s e n t  problems, it 
may be worth i n v e s t i g a t i n g .  
This  concept  c o n s i s t s  of u s ing  
F l u i d  s e p a r a t o r s  have a l so  been developed 
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I. PURPOSE AND METHODOLOGY O F  THE STUDY 
Thermal s p a l l a t i o n  d r i l l i n g  i s  a unique technology t h a t  
i nvo lves  t h e  a p p l i c a t i o n  of h e a t  a g a i n s t  t h e  face of  c e r t a i n  
t y p e s  of  rock so a s  t o  make a h o l e  i n  t h e  rock.  Recent  
u t i l i z a t i o n  of t h i s  method t o  d r i l l  several h o l e s  i n  g r a n i t e  
a t  h igh  p e n e t r a t i o n  ra tes  and t o  dep ths  of  1 1 0 0  f t .  and 4 0 0  f t .  
has caused inc reased  i n t e r e s t  i n  i t .  I t  i s  because of  t h i s  
i n t e r e s t  and t h e  l a c k  of  unders tanding  of t h e  p o t e n t i a l  of t h e  
technology t h a t  t h i s  s tudy  has  been undertaken.  
The primary purposes  of  t h e  s tudy  are  t o  t e c h n i c a l l y  and 
economical ly  e v a l u a t e  t h e  use  of thermal  s p a l l a t i o n  i n  d r i l l i n g ,  
and t o  i d e n t i f y  areas where it can be used.  To accomplish t h e s e  
purposes ,  t h e  fo l lowing  e v a l u a t i o n  methodology has  been 
developed. 
1. Determine t h e  s t a t e - o f - t h e - a r t  of thermal  s p a l l a t i o n  
technology. 
2. Analyze t h e  technology t o  de te rmine  how it can be used.  
I d e n t i f y  c o n s t r a i n t s  and de termine  p o s s i b l e  s o l u t i o n s .  
3. Conceptual ly  des ign  a d r i l l i n g  r i g  t h a t  u t i l i z e s  t h i s  
concept .  I d e n t i f y  and ana lyze  des ign  c o n s i d e r a t i o n s  
and o p e r a t i o n a l  c h a r a c t e r i s t i c s .  
4 .  Develop a computer model t h a t  w i l l  t e c h n i c a l l y  and 
economically e v a l u a t e  and compare t h e  deep h o l e  
d r i l l i n g  advantages of  t h i s  r i g  t o  t h o s e  of  a conven- 
t i o n a l  r o t a r y  r i g .  
a . )  The model s h a l l  i n c o r p o r a t e  s e v e r a l  g e n e r i c  w e l l  
d r i l l i n g  programs t h a t  i n c l u d e  a l l  d r i l l i n g  
a c t i v i t i e s  and a l l  t i m e  and cost  f a c t o r s .  
b . )  The g e n e r i c  w e l l s  w i l l  be t h e o r e t i c a l l y  d r i l l e d  
by both t h e  thermal  s p a l l a t i o n  r i g  and a 
convent iona l  r o t a r y  r i g  of s i m i l a r  depth  r a t i n g .  
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5. 
c.) Cost and time factors, as well as other 
characteristics of interest, shall be compared 
and evaluated. Sensitivity analysis techniques 
will be used to determine key factors that 
affect these characteristics. 
Based on the data obtained, a series of conclusions, 
noting both advantages and disadvantages of thermal 
spallation drilling technology, shall be drawn. 
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11. THE DEVELOPMENT OF THERMAL SPALLATION TECHNOLOGY 
Thermal s p a l l a t i o n  of  rock may be de f ined  as  a type  of 
p r o g r e s s i v e  rock f a i l u r e  caused by t h e  c r e a t i o n  of thermal  
stresses induced by a sudden a p p l i c a t i o n  of h e a t  from a h igh  
tempera ture  source. '  
mechanism f o r  breaking rock t h a t  has  been i n  u s e ,  i n ' o n e  form 
o r  a n o t h e r ,  from a n c i e n t  t i m e s  u n t i l  now. Only i n  r e c e n t  
y e a r s  has  s e r i o u s  t e c h n i c a l  e v a l u a t i o n  been g iven  t o  it. One 
of  t h e  f i r s t  publ i shed  s t u d i e s  on t h i s  s u b j e c t  w a s  "A General 
Theory of  S p a l l i n g , "  by F. H. Norton,. J o u r n a l  of American 
C e r a m i c s ,  1925. Other  p re l imina ry  e f f o r t s  t o  determine t h e  
v a l u e  of  t h i s  technology w e r e  conducted by S toces2  i n  t h e  
Zinnwald mines i n  Germany i n  1 9 2 7 .  
Linde Div i s ion  of  Union Carbide developed t h e  j e t  p i e r c i n g  
p rocess  used f o r  d r i l l i n g  b l a s t  h o l e s  i n  t a c o n i t e .  
This  method of f a i l u r e  provides  a 
I n  t h e  e a r l y  1 9 4 0 ' s ,  t h e  
I n  r e c e n t  y e a r s ,  c o n s i d e r a b l e  work has  been done on t h i s  
technology,  i nc lud ing  t h e  e s t ab l i shmen t  of a t h e o r e t i c a l  
knowledge base  and t h e  des ign ,  development, and u s e  of f i e l d  
equipment. Most of t h i s  work has  been done i n  Russ ia ,  Canada, 
and t h e  United States .  Engineers  i n  Germany, France ,  England, 
and South A f r i c a  have a l s o  con t ibu ted  s i g n i f i c a n t l y .  
I n  t h e  United States ,  most of  t h e  work has  been done by 
t h r e e  companies: The Linde Div i s ion  of Union Carbide 
Corpora t ion ,  Tanawanda, New York; Browning Engineer ing 
Corpora t ion ,  Hanover, N e w  Hampshire; 
Limited,  Encino, C a l i f o r n i a .  
o f  t h e s e  companies r e l a t e  s p e c i f i c a l l y  t o  t h e  d r i l l i n g  of  
and F lame  Jet  P a r t n e r s ,  
The systems developed by each 
1. Thirumalai ,  K . ,  Rock Mechanics - Theory and Practice,  
2 .  Stoces, B . ,  The App l i ca t ion  of t h e  F i r i n g  Method i n  
1969 ,  p. 705. 
Modern Mining, Verlag Spe ide l  und Tirruzel, Akademisch- 
Poly technische  Buchhandlung, Zurich,  1 9 2 7 .  
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h o l e s  i n  rock ,  The combustion p rocess  used i n  each t o  c r e a t e  
t h e  h igh  temperature  source  has  s i g n i f i c a n t  d i f f e r e n c e s .  
Other U .  S .  c o r p o r a t i o n s  t h a t  have s e r i o u s l y  eva lua ted  t h i s  
technology and i t s  equipment i n c l u d e  Ingersoll-Rand (Canadian 
s u b s i d i a r y ) ,  Bucyrus-Frie,  and Hercules ,  Inc .  
The U.  S. Government has  a l s o  c o n t r i b u t e d  t o  t h e  o v e r a l l  
development of t h i s  technology. Agencies such as  t h e  Bureau 
of  Mines, t h e  Department of Defense, t h e  Department of 
T ranspor t a t ion ,  and t h e  Department of  Energy have sponsored 
r e s e a r c h  p r o j e c t s  t h a t  have i n v e s t i g a t e d  t h e  t h e o r e t i c a l  
p rocesses  invloved and have a t tempted  t o  app ly  them t o  broader  
a r e a s ,  such as r a p i d  d r i l l i n g  of  h o l e s ,  t u n n e l i n g ,  e tc .  
Normally, thermal  s p a l l a t i o n  i s  used f o r  t h e  d r i l l i n g  of  
h o l e s  i n  v e r y  hard rock such as  t a c o n i t e ,  hema t i t e ,  g r a n i t e ,  
e tc .  I t  i s  a l so  used f o r  channel ing o r  c u t t i n g  long  grooves 
i n  g r a n i t e .  Lesser u s e s  are found i n  t h e  s c u l p t u r i n g  and/or 
f i n i s h i n g  of s u r f a c e s  of hard rocks. I t  has  a l so  been used 
f o r  d r i l l i n g  h o l e s  i n  ice .  
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111. THERMAL SPALLATION THEORY 
A s  p rev ious ly  s t a t e d ,  thermal  s p a l l a t i o n  i s  a type  of  
p r o g r e s s i v e  f a i l u r e  of rock caused by t h e  c r e a t i o n  of  a 
thermal  stress. The mechanism of  f a i l u r e  i s  dependent upon 
e f f i c i e n t  d i f f u s i o n  of thermal  energy through t h e  rock u n t i l  
t h e  c r e a t e d  thermal  stress becomes g r e a t  enough t o  exceed 
t h e  u l t i m a t e  s h e a r  o r  t e n s i l e  s t r e n g t h  of t h e  rock .  
Unfor tuna te ly ,  e f f i c i e n t  d i f f u s i o n  of h e a t  energy through 
rock i s  impeded by a number of f a c t o r s ,  among which are  t h e  
heterogeneous composition of t h e  rock ,  i t s  a n i s o t r o p i c  
p r o p e r t i e s ,  c r a c k s ,  and f r a c t u r e s .  I n  a d d i t i o n ,  t h e  
propagat ion  of t h e  stress appea r s  t o  be l i m i t e d  by t h e  
presence  of s o f t ,  e l a s t i c  and/or f i n e  g ra ined  m i n e r a l s  such 
3 
as  t a l c ,  c h l o r i t e s ,  m i c a ,  ser ic i tes ,  and c l a y s .  These 
m i n e r a l s  tend  t o  y i e l d  r a t h e r  t han  expand upon h e a t i n g ,  
4 probably due t o  dehydra t ion  and thermal  decomposition. 
Consider ing t h e s e  f a c t s ,  t h e  mechanisms of thermal  s p a l l a t i o n  
c a n  be q u i t e  complex and can be developed i n  on ly  c e r t a i n  
types  of rock.  
P h y s i c a l l y ,  s p a l l s  are  f l a t ,  d i s c - l i k e  f l a k e s  of rock 
that range  i n  s i z e  f r o m  s e v e r a l  i nches  i n  diameter t o  s m a l l ,  
g r a i n  s i z e  s t r u c t u r e s .  The t h i c k n e s s  of t he  f l a k e  i s  
normally many t i m e s  smaller than  t h e  d iameter  as  noted i n  
F igu re  1. The p h y s i c a l  dimensions of  t h e  s p a l l  are i n  p a r t  
dependent upon t h e  n a t u r e  of t h e  h e a t i n g  and t h e  r e l a t i v e  
a b i l i t y  of  t h e  rock t o  s p a l l .  
3. Freeman, D.  C . ,  J r . ,  Sawdye, J. A . ,  and Mumpton, 
F. A . ,  "The Mechanism of Thermal S p a l l i n g  i n  Rocks, 'I 
Q u a r t e r l y  of  t h e  Colorado School of Mines, 1963, p .  2 4 9 .  
4 .  I b i d . ,  p. 237. 
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Sect  ion  A-A 
NORMAL SPALL CONFIGURATION 
F i g u r e  1 
6 
Although t h e  p r o p e r t i e s  a f f e c t i n g  t h e  thermal  s p a l l -  
a b i l i t y  of rock are  n o t  w e l l  understood,  a number of a t t e m p t s  
have been made t o  develop formulas  t h a t  can p r e d i c t  t h i s  
phenomena. 
i s  : 
One formula5 f r e q u e n t l y  c i t e d  i n  t h e  l i t e r a t u r e  
S =  a - e - g r  
c 
S = s p a l l a b i l i t y  
a = thermal  d i f f u s i v i t y  
e = p e r c e n t  thermal  e l o n g a t i o n  
g r  = g r a i n  s i z e '  
d =  rock compressive s t r e n g t h  
I n  t h i s  formula,  t h e r m a l  d i f f u s i v i t y ,  a ,  can be def ined  
a s  t h e  thermal  c o n d u c t i v i t y  d iv ided  by t h e  product  of  t h e  
d e n s i t y  and t h e  s p e c i f i c  h e a t . 6  
v i s u a l i z e d  as  t h e  r a t e  of propagat ion  of a thermal  energy 
f r o n t  i n  a body or  as  a measure of  t h e  h e a t  absorbed du r ing  
t h e  mig ra t ion  of a thermal  energy f r o n t  a s  it moves through 
t h e  body. 
Thermal d i f f u s i v i t y  may be 
Numerous f a c t o r s  a f f ec t  t h e r m a l  d i f f u s i v i t y .  Rock 
t e x t u r e  o r  s p a t i a l  r e l a t i o n s h i p  of neighboring g r a i n s  o r  
c r y s t a l s  i s  impor tan t  because h e a t  conduct ion depends i n  an 
i n t r i c a t e  way upon t h e  arrangement of t h e  molecules  i n  a 
s o l i d ,  and even more so upon t h e  t r a n s f e r  of t h e  k i n e t i c  
energy of  t h e  e l e c t r o n s  involved ,  as thermal  energy i s  added 
t o  t h e  system. The presence  of  i n t e r t e r r e s t r i a l  v o i d s  o r  
5. G e l l e r ,  L .  B . ,  "A new Look a t  Thermal Rock 
F r a c t u r i n g , "  T ransac t ions  of t h e  I n s t i t u t e  of Mining and 
Meta l lurgy ,  1 9 7 0 ,  p. A153. 
6 .  Calaman, J .  J . ,  and Ro l se th ,  H .  C . ,  ""Technical 
Advances Expand U s e  of J e t - P i e r c i n g  Process i n  Taconi te  
I n d u s t r y , "  I n t .  Symp. on Mining Research, Univ. of Missour i ,  
1 9 6 2 .  
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cracks t ends  t o  impede t h i s  movement. The presence  of f i n e  
g ra ined  or  s o f t  materials such as mica, c l a y s ,  and t a l c s  a l s o  
t ends  t o  have t h i s  same e f fec t .  
Thermal e l o n g a t i o n ,  e ,  refers t o  t h e  a c t u a l  l i n e a r  
expansion of a body dur ing  t h e  a p p l i c a t i o n  of thermal energy.  
It is  measured i n  p e r c e n t  e l o n g a t i o n  and i s  s i g n i f i c a n t  
because t h e  d i f f e r e n c e  of rates of thermal  expansion,  caused 
by d i f f e r e n c e s  of thermal  energy levels i n  a rock s t r u c t u r e ,  
create h igh  compressive stresses, which i n  t u r n  cause  
mechanical f a i l u r e .  The tempera tures  a t  which t h e s e  expansion 
r a t e s  occur  i s  impor tan t  because they  i n f l u e n c e  t h e  tempera ture  
levels a t  which s p a l l i n g  occur s .  
Gra in  s i z e ,  g r ,  appears  t o  be impor tan t  because of i t s  
r e l a t i o n s h i p  t o  t h e  t r a n s f e r  of stresses. T h i s  f a c t o r  i s  
in f luenced  by t h e  t e x t u r e  o r  arrangement of t h e  c o n s t i t u e n t  
g r a i n s  i n  t h e  body. I n  a d d i t i o n ,  when l a r g e r  g r a i n s  are  
s e p a r a t e d  by f i n e  g ra ined  mater ia l ,  a s  opposed t o  be ing  
cont iguous ,  t h e y  tend  t o  d i s s i p a t e  thermal  stresses. 
Rock compressive s t r e n g t h ,  < , i s  s i g n i f i c a n t  because i t  
i s  t h e  p rope r ty  of  t h e  rock t h a t  must be overcome i f ,  i n  f a c t ,  
f a i l u r e  i s  t o  o c c u r .  The combined effect  of  t h e r m a l  
d i f f u s i v i t y  and e l o n g a t i o n  i s  g r e a t l y  in f luenced  by t h e  l e v e l  
of t h e  rock  compression s t r e n g t h .  
V a r i a t i o n s  of t h i s  formula have been developed and 
tes ted.  None have proven t o  be s u c c e s s f u l  w i th  r ega rd  t o  t h e  
development of a r e l i a b l e  s p a l l a b i l i t y  index.  
The development of an index i s  d i f f i c u l t  due t o  t h e  
heterogeneous and a n i s o t r o p i c  p r o p e r t i e s  of rock .  Within a 
g iven  c lass  of rock ,  such a s  t a c o n i t e  o r  s h a l e ,  p r o p e r t i e s  
can va ry  r a d i c a l l y  f r o m  one s e c t i o n  t o  ano the r .  Thus, t h e  
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r e a c t i v e  c h a r a c t e r i s t i c s  of one p i e c e  t o  a g iven  thermal f l u x  
can va ry  s i g n i f i c a n t l y  from ano the r  p i e c e  a t  t h e  same f l u x  
l e v e l .  F u r t h e r ,  t h e  data w i t h i n  any g iven  set  of  in format ion  
must a l l  be taken  a t  t h e  s a m e  t empera ture  l eve l ,  r e g a r d l e s s  
of what t h a t  l e v e l  is .  I n  t h e  p a s t ,  t h i s  has  no t  been 
u n i v e r s a l l y  accepted, and may i n  p a r t  lead t o  some of t h e  
confus ion  t h a t  e x i s t s .  F igu res  2 and 3 re la te  p e r c e n t  thermal  
e longa t ion  t o  ambient tempera ture  of some of t h e  rock samples 
of Table  1. Between 3 O O O C  and 5OOOC these e l o n g a t i o n s  are  
f a i r l y  l i n e a r  wi th  a l a r g e  f a c t o r  of incrementa l  change. 
From approximately 570°C and up, t h e  p e r c e n t  e l o n g a t i o n s  va ry  
s i g n i f i c a n t l y  and r a d i c a l l y  w i t h  no rea l  sense  of o r d e r .  
Thus, a l l  data  w i t h i n  a g iven  s e t  must be  taken  a t  t h e  same 
tempera ture  l e v e l  i f  meaningful a n a l y s i s  of t h e  data  i s  t o  be 
made. Unfor tuna te ly ,  ve ry  l i t t l e  data  t h a t  m e e t s  t h i s  
c r i t e r i a  i s  avai lable .  Because of these types  of d i f f i c u l t i e s ,  
p l u s  t h e  l i m i t e d  amount of t r u e  s c i e n t i f i c  unders tanding  of 
t h e  problem, a s p a l l a b i l i t y  index has n o t  as  y e t  been developed. 
An e v a l u a t i o n  of a number of d i f f e r e n t  rocks wi th  r ega rd  
t o  t h e  development of  such an index i s  noted i n  Table  1. This  
work w a s  done by L.  B. Geller of t h e  Mining Research Cen te r ,  
Mines Branch, Department of  Energy, Mines and Research, Ottawa, 
C a n a d a .  G e l l e r  a t t e m p t e d  t o  correlate t h i s  data  w i t h  l i t t l e  
success .  Two sets of c o r r e l a t e d  d a t a  are noted i n  F igu res  4 
and 5. N o  s i g n i f i c a n t  r e l a t i o n s h i p  can be noted.  
F igu re  4 a t t empt s  t o  re la te  t h e  product  of  thermal  
d i f f u s i v i t y  and p e r c e n t  e l o n g a t i o n  a t  s i m i l a r  t empera ture  
l e v e l s  t o  average  rock p e n e t r a t i o n  ra tes .  N o  c o r r e l a t i o n  i s  
noted.  
F igu re  5 a t t e m p t s  t o  re la te  t h e  s p a l l a b i l i t y  index 
number, S ,  noted above, t o  average  rock p e n e t r a t i o n  ra tes .  
Again, c o r r e l a t i o n  i s  v e r y  q u e s t i o n a b l e .  
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- 
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Temperature  O C  
Average l i n e a r  expansion of  m i s c e l l a n e o u s  
metamorphic and I sedimentary  r o c k s  l i s t e d  
i n  T a b l e  1." 
F i g u r e  2 
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E l o n g a t i o n  
200 400 600 800 1000 
Temperature  O C  
Average l i n e a r  expansion of q u a r t z -  
r i c h  c r y s t a l l i n e  igneous r o c k s  l i s t e d  
i n  T a b l e  1." 
F i g u r e  3 
" R e f . :  IR62-27, Department of  Energy, Mines and Resources ,  O t t a w a ,  Canada, 1962. 
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Specimen 
Number 
Rock 
C l a s s i f i c a t i o n  
Rock 
Texture  
Compressive F a i l u r e  S t r e n g t h  
d 
103kg/cm 2 
ISTICS OF ROCK SAMPLES 
TABLE 
Thermal D i f f u s i v i t y  
a 
10-'crn2/sec 
P e n e t r a t i o n  
Rate 
(A%. 1 
F t / h r  
21.32 
20.01 
18.04 
18.04 
15.09 
14.10 
11.48 
10.50 
10.17 
8.86 
8 .53  
7.54 
S p a l l a b i l i t y  
10-7cm3/ ( s e c  kg) 
5 
Elonga t ion  
e 
9: 
O C  I O C  O C  O C  
200 1 300 1 400 200 I 300 I 400 I Amb. 1 200 I 300 I 400 200 I 300 I 400 
Igneous  Rocks . 
Nepheline- 
s y e n i t e  
fiyol i t e 
G r a n i t e  
G r a n i t e  
Quartz- 
Manzonite 
G r a n o d i o r i t e  
A l b i t e -  
G r a n i t e  
Nor dmar k i  t e 
Hornblende- 
s y e n i t e  
A n o r t h o s i t e  
Gabbro 
(d f a  base )  
Basalt 
1 .99  1 .86  1.74 2 .0  4 .2  6.7 M-188 74.6 
99.5 
95.5 
83.6 
85.0 
76.5 
81.1 
70.4 
67.6 
75.0 
69.0 
90.0 
86.4 
78.5 
76.5 
70.5 
77.0 
67.6 
65.6 
71.9 
64.8 
81 .5  
78.5 
75.0 
70.0 
65.2 
74.0 
65 .0  
64.5 
68.4 
.18 .38 
.13 .38  
.15 .31 
.14 .31 
.15  .30 
.12 .26 
.14 .30 
.14 .28 
.10 - 1 7  
.10 .20 
.10 .19 
.60 
.48 
.51 
.53 
I50 
. 4 7  
.47 
.45 
.30 
.30 
.29 
M 
F 
M 
M 
C 
M 
M 
C 
M 
C 
M 
F 
2.24 
1 .52  
1.88 
1 .68  
3.50 
M-190 
M-209 
M-194 
M-210 
M-208 
M-195 1 .44  1 . 4 0  1 .36  
M-192 
M-191 
CI 
M-193 
M-178 
1 .72  1 .63  1.56 1 . 7  3.5 5.6 
1 . 6 5  1 . 6 3  1 .62  
3 .35  3.26 3.19 
4 . 1  6.9 1 2 . 0  
0.7 1.3 1 .9  
M-189 
Quar t zose  Rocks 
26.24 
22.63 
21.98 
12.46 
10.82 
. 1 7  .35 .57 
.19 .37 .60 
.18 .34 .55 
.15 -29  .47  
.10 .21 .35 
Q u a r t z  
Sands tone  
Quar tz i te  
T a c o n i t e  
Hornblende- 
q u a r t z - g n e i s s  
M-179 
M-17 6 
M-207 
M-200 
M-199 
.57.0 127 .0  102.5 C.C .  
F 
F 
M 
M 
C .C .  
M 
F 
C.C.  
F 
.43.8, 124 .0  106 .5  
115.0 102.0 90.0 
90.0 86.0 76.1 
3.96 3 .90  3.89 3.87 0.3 0.5 0 .8  
Carbonate  -Locks 
24.60 
24.60 
10.50 
N i l  
N i l  
138.0 121.8 105.5 
87.5 71.8 67.0 
77.5 70.3 62.9 
83.2 77 .1  71.4 
85.0 76.9 67.5 
.22 .43 -66 Dolos tone  
( r e c r y s t )  
Dolo s t o n e  
Dolomi t ic  
l i m e s t o n e  
Limestone 
( r e c r y s t )  
Limestone 
( f i n e  g r a i n )  
M-168 
M-186 
M-187 
M-185 
M-184 
.18 .36 .58 
.23 .46 . 7 1  
1.13 1.02  0.96 0.91 
1 .97  1 . 9 0  1 .86  1 .82  
4.7 8 . 1  12.8 
.09  .18 .30 
.09 .20 .34 0.6 0 .2  0.4 
a - e  
5 0-- 
n 
-- 
I 
I 
I 
I 
A I /  
0 10 20 30 
P e n e t r a t i o n  Rate (Avg .) 
f t . / h r  . 
a - e Measured a t :  
0 2 0 O O C  
A 3 O O O C  
4 O O O C  
F i g u r e  4 
12 
1 2  
1 0  
8 
S 
6 3 cm 
'O-'. sec kg 
4 
2 
03 
rl 
A 
/ 
0 1 0  2 0  3 0  
P e n e t r a t i o n  Rate (Avg.) 
f t . / h r  . 
S Measured a t :  
0 20OOC 
A 3OOOC 
9 4OOOC 
F i g u r e  5 
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Because s p a l l a t i o n  i s  caused by thermal stress, change 
i n  thermal  energy and therefore tempera ture  change i n  t h e  
body i s  fundamental t o  t h e  p rocess .  The r e l a t i o n s h i p  of  
tempera ture  change and t h e  development of  thermal  stress 
f a i l u r e  i s  impor tan t  t o  understand.  W. M .  Gray n o t e s  t h a t  
" r i s k  of  f a i l u r e  may be produced by reducing  t h e  h e a t  f l u x  
a s s o c i a t e d  w i t h  shock, o r  assuming c o n s t a n t  s t r e n g t h  of 
m a t e r i a l ,  by i n c r e a s i n g  t h e  thermal  d i f f u s i v i t y .  A body 
may be s u b j e c t e d  t o  l a r g e  i n c r e a s e s  i n  tempera ture  (wi thout  
severe stress problems) provided t h a t  d i f f e r e n c e s  i n  
tempera ture  between i t s  p a r t s  are c o n t r o l l e d .  Thus, 
s e v e r i t y  of thermal  shock i s  a s s o c i a t e d  n o t  w i t h  t h e  
tempera ture  of t h e  body, b u t  w i t h  t h e  tempera ture  g r a d i e n t s  
i n  it. I n  a d d i t i o n ,  t h e  occurrence  of f a i l u r e  depends 
s o l e l y  on whether t h e  s u r f a c e  tempera ture  r eaches  t h e  v a l u e  
a s s o c i a t e d  wi th  t h e  c r i t i c a l  ( i n t e r n a l )  stress and n o t  upon 
t h e  ra te  of  h e a t i n g .  This  means t h a t  t h e  tempera ture  
g r a d i e n t s  i n  t h e  hea ted  l a y e r s  are  n o t  an i n d i c a t i o n  of t h e  
stresses e x i s t i n g  there. 11 7 
Temperature, T ,  r ise i n  a body i s  noted by t h e  graphs  
i n  F i g u r e  6 .  There,  cu rves  r e p r e s e n t  tempera ture  r i se  a t  
v a r i o u s  dep ths ,  Z ,  i n  a body, fo r  g iven  l e v e l s  of  h e a t  f l u x ,  
A, and at various time intervals, t, after the start of 
h e a t i n g .  These cu rves  assume t h a t  t h e  h e a t  source  i s  
c o n s t a n t ,  t he reby  provid ing  a c o n s t a n t  h e a t  f l u x  ( c o n s t a n t  
energy inf low,  h e a t ,  p e r  u n i t  of  t i m e  p e r  u n i t  area) over  
t h e  e n t i r e  s u r f a c e  of  t h e  body. 
Assuming t h e  above t o  be c o r r e c t ,  Gray then  assumed t h a t  
tempera ture  d i s t r i b u t i o n  dur ing  s p a l l a t i o n  i s  a s  noted i n  
F igu re  7 .  I n  t h i s  p rocess  he p o s t u l a t e d  t h a t  'I. . . when t h e  
7 .  Gray, W. M. "Surface  S p a l l i n g  by T h e r m a l  Stresses 
i n  Rocks."  Rock Mechanics Symposium, Toronto U n i v e r s i t y ,  
Toronto,  Canada, 1 9 6 5 .  
1 4  
A-1 
1 
S 
T 
A-2 A-3 
Z Z Z 
TEMPERATURE RISE I N  A SOLID BEFORE SPALLING" 
F i g u r e  6 
A B 
Z z2 Z 
TEMPERATURE DISTRIBUTION DURING SPALLING" 
F i g u r e  7 
* Ref .  : Gray, W. M . ,  "Surface  S p a l l i n g  by Thermal Stresses i n  Rocks," 
Rock Mechanics Symposium, Toronto U n i v e r s i t y ,  Toronto ,  Canada, 1965 .  
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s u r f a c e  r eaches  a c r i t i c a l  tempera ture ,  a t h i n  l a y e r  i s  
removed s imul taneous ly  from t h e  e n t i r e  s u r f a c e  of t h e  s o l i d .  
When t h e  f i r s t  l a y e r  i s  removed a f r e s h  s u r f a c e  a t  a lower 
tempera ture  i s  exposed and t h e  h e a t  f l u x  (assumed c o n s t a n t )  
i s  a p p l i e d  t o  it. A new h e a t i n g  c y c l e  commences, d i f f e r i n g  
s l i g h t l y  from t h e  f i r s t  c y c l e  . . . because of a d i f f e r e n t  
tempera ture  d i s t r i b u t i o n  i n  t h e  s o l i d . "  F igu re  7 r e p r e s e n t s  
t h e s e  changes.  I n  graph A ,  curve  ( a )  r e p r e s e n t s  tempera ture  
d i s t r i b u t i o n  i n  a s o l i d  a t  t i m e  ts a f t e r  h e a t i n g  s ta r t s  and 
when t h e  f i r s t  s p a l l  occu r s .  Spa11 t h i c k n e s s  i s  assumed t o  
be equal  t o  t h i c k n e s s  Z1. S e c t i o n  Z1 of curve  (a )  r e p r e s e n t s  
t h e  tempera ture  g r a d i e n t  below t h e  s p a l l .  Curve (b )  w a s  t h e  
tempera ture  g r a d i e n t  i n  t h e  o r i g i n a l  s o l i d  a t  t h e  t i m e  
t empera ture  T 
t h e  tempera ture  below t h e  s u r f a c e  t h a t  c r e a t e d  t h e  thermal  
stress r e q u i r e d  t o  c rack  o r  s p a l l  t h e  r o c k ) .  S e c t i o n  (1) of  
curve  ( a )  r e p r e s e n t s  curve  (b )  s h i f t e d  over  t o  i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  t h e  rock tempera ture  f o r  t h e  second 
s p a l l i n g  c y c l e ,  as  compared t o  t h e  f i r s t .  
w a s  reached ( tempera ture  T1 being equal  t o  
S 
Graph B i l l u s t r a t e s  t h e  i n c r e a s e d  tempera ture  g r a d i e n t  
i n  t h e  body a f t e r  t h e  second s p a l l  a t  dep th  Z 2  is  c r e a t e d .  
Curve (c)  r e p r e s e n t s  t h i s  h e a t  g r a d i e n t  curve .  Again, an 
i n c r e a s e  i n  h e a t  c o n t e n t  i s  noted ,  b u t  it i s  p r o p o r t i o n a t e l y  
less than  t h e  i n c r e a s e  f o r  t h e  f i r s t  s p a l l .  I n  due t i m e ,  
t h i s  tempera ture  i n c r e a s e  w i l l  r e a c h  a l e v e l  of equ i l ib r ium.  
Q u a l i t a t i v e  work performed by G e l l e r  i n d i c a t e s  s u r f a c e  
t o  be i n  t h e  range  o f  2 O O O C  t o  35OOC when 
TS 
tempera ture ,  
s p a l l i n g  t a k e s  p l ace .  This  would i n d i c a t e  t h a t  t h e  s p a l l i n g  
p rocess  i s  a r e l a t i v e l y  l o w  t empera tu re  o p e r a t i o n .  This  
tempera ture  i s  cons ide rab ly  below t h e  average  me l t ing  range,  
1 0 0 0 ° C  t o  12OO0C,  of rock.  These tempera tures  are  a l s o  
below t h e  phase change of q u a r t z  which undergoes i t s  a lpha  
t o  b e t a  t r a n s i t i o n  a t  approximately 573"C, as  noted i n  
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Figure  2 .  Thus, t h e  c o n t e n t i o n  of most people  t h a t  high 
q u a r t z  c o n t e n t  i n d i c a t e s  h igh  s p a l l a b i l i t y  i n  a rock i s  
s t i l l  q u e s t i o n a b l e  a l though t h e r e  does appear  t o  be some 
c o r r e l a t i o n  t o  o v e r a l l  q u a r t z  c o n t e n t .  
Another p o i n t  of i n t e r e s t  is  t h e  l a c k  of r e l a t i o n s h i p  
between w a t e r  and g a s  c o n t e n t  of rock and s p a l l i n g .  
would assume t h a t  t h e  expansion of t h e s e  elements  gene ra t ed  
by t h e  r ise i n  tempera ture  of t h e  rock  would c r e a t e  stress 
and t h e r e f o r e  cause  c rack ing  and/or s p a l l i n g .  A s  y e t ,  no 
c o r r e l a t i o n  has  been found. 
One 
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I V .  USE OF THERMAL SPALLATION TECHNOLOGY 
F lame  j e t  d r i l l i n g  i s  used p r i m a r i l y  f o r  t h e  d r i l l i n g  of  
b l a s t h o l e s ,  and f o r  t h e  channel ing  o r  c u t t i n g  of rock.  I t  i s  
a l s o  used f o r  smoothing rock s u r f a c e s  and f o r  conf igu r ing  rock 
i n t o  s t a t u e s .  
B l a s t h o l e  d r i l l i n g  i s  t h e  p rocess  of d r i l l i n g  a ) s p e c i a l l y  
conf igured  h o l e  i n t o  t h e  e a r t h .  A b l a s t i n g  cha rge  such as  
dynamite i s  p laced  i n t o  t h e  h o l e  and t h e n  de tona ted  so as  t o  
s h a t t e r  l a r g e  segments of rock.  I n  ve ry  hard rock such as 
t a c o n i t e ,  it i s  more economical t o  d r i l l  t h e s e  h o l e s  wi th  
f l a m e  j e t  systems. Truck mounted r i g s ,  F i g u r e  8 ,  are  normally 
used f o r  t h i s  purpose.  
B l a s t h o l e s  are  conf igured  as noted i n  F igu re  8 .  The 
en la rged  areas o r  chambers a t  t h e  bottom of t h e s e  h o l e s  are  a 
unique f e a t u r e  t h a t  can on ly  be produced by a flame j e t  system. 
Although most of t h e s e  h o l e s  a re  4 0  t o  50 f e e t  i n  dep th ,  many 
have been d r i l l e d  t o  over  200  f e e t  i n  depth .  
Channeling i s  a p rocess  f o r  c u t t i n g  narrow grooves i n  
rock.  T h i s  p rocess  i s  normally used to cut out l a r g e  b locks  
of rock i n  q u a r r i e s  w i thou t  breaking  o r  f r a c t u r i n g  t h e  rock .  
Channeling i s  u s u a l l y  done w i t h  a hand he ld  f lame j e t  t o o l  a s  
noted i n  F igu re  9 .  Channels can r ange  i n  s i z e  f r o m  3%" t o  6 "  
i n  width and up t o  25 f e e t  i n  depth .  This  p rocess  i s  p r e s e n t l y  
used throughout  t h e  world,  where a p p l i c a b l e .  
I n  t h e  U. S . ,  two companies produce n e a r l y  a l l  of  t h e  
b l a s t h o l e  d r i l l i n g  r i g s  and channe le r s .  They are  t h e  Linde 
Div i s ion  of Union Carbide and Browning Engineer ing,  Inc .  A 
t h i r d  company, Flame Je t  P a r t n e r s ,  L t d . ,  has  developed and 
f i e l d  t e s t e d  an  exper imenta l  r i g .  A review o f  t h e s e  companies 
and t h e i r  equipment fo l lows .  
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HAND-PELD CHAlTNELING TOOL 
IN OPEP!TIO?J 
F i g u r e  9 
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A. Browning Engineer ing,  Inc .  , IIanover, N e w  Hampshire 
1. Background 
Browning Engineer ing i s  a p r i v a t e l y  owned company 
founded i n  1 9 6 1  by James A .  Browning. The company i s  
p r i m a r i l y  devoted t o  t h e  development and manufacture 
of flame j e t  equipment. I n  a d d i t i o n ,  t h e  company 
d e s i g n s  and develops f l a m e  spray ing  systems.  
I n  1 9 6 6  t h e  company s o l d  i t s  f i r s t  p roduc t ,  a 
hand he ld  channel ing t o o l  used f o r  c u t t i n g  g r a n i t e .  
S ince  then ,  more than  4 0 0  of t h e s e  d e v i c e s  have been 
s o l d  worldwide. I n  t h e  mid-70's Browing developed a 
flame j e t  d r i l l i n g  system capable  of d r i l l i n g  deep 
h o l e s  and/or chambering systems t h a t  could  be used f o r  
b l a s t i n g  purposes .  Th i s  system, F i g u r e  1 0 ,  i s  t r u c k  
mounted and capab le  of  d r i l l i n g  h o l e s  i n  g r a n i t e  t o  
dep ths  of  1 0 0 0  f t  o r  more. Browning Engineer ing has  
a l so  used t h i s  technology t o  d r i l l  h o l e s  t o  dep ths  of 
1 4 0 0  f e e t  i n  t h e  A n t a r c t i c  i ce  cap. 
James A.  Browning, founder  of t h e  company, ho lds  
more than  f o r t y  p a t e n t s .  H e  has  t a u g h t  f o r  more than  
seventeen  y e a r s  a t  t h e  Thayer School of Engineer ing,  
Dartmouth Col lege ,  New Hampshire. 
2 .  Opera t iona l  S t a t u s  
A s  s t a t e d ,  t h e  company has  s o l d  more than  4 0 0  
channel ing t o o l s  on a worldwide b a s i s ,  of which 
approximately 250 are s t i l l  i n  o p e r a t i o n .  The company 
i s  a c t i v e l y  involved i n  t h e  development of t h i s  
technology.  The company's t r u c k  mounted.flame j e t  
d r i l l i n g  system i s  n o t  being ope ra t ed  a t  p r e s e n t .  
21 
1 I 
BROWNING ENGINEERING THEFWO-BUST TM SYSTEM 
TRUCK MOUNTED FLAME JET DRILLING R I G  
R e f  .: Browning Engineer ing ,  Inc. , Hanover, New Hampshire 
F i g u r e  1 0  
2 2  
3. System Desc r ip t ion  
Browning's t r u c k  mounted flame j e t  d r i l l i n g  
system o p e r a t e s  on t h e  p r i n c i p l e  of lowering i n t o  t h e  
ground a burner  system a t t a c h e d  t o  t h e  lower end of a 
hose and c a b l e  arrangement.  Combustion of a mix tu re  
of a i r  and No. 2 f u e l  o i l  takes p l a c e  w i t h i n  t h e  
burner  and produces a f lame j e t  of  approximately 
3300'F. When d i r e c t e d  a g a i n s t  c e r t a i n  types  of rock ,  
t h i s  j e t  w i l l  cause  s p a l l i n g  t o  occur .  Only t h e  
ha rde r  rock such as  g r a n i t e ,  g u a r t z i t e ,  and dolomi te  
are s u s c e p t i b l e  t o  t h i s  l o w  tempera ture  s p a l l i n g  t y p e  
a c t i o n .  
I n  t h i s  t y p e  of d r i l l i n g  o p e r a t i o n ,  t h e  volume of 
a i r  d e l i v e r e d  p e r  u n i t  of t i m e ,  and i t s  concur ren t  a i r  
p r e s s u r e ,  i s  impor tan t  t o  t h e  combustion p rocess  and 
subsequent ly  t h e  rock p e n e t r a t i o n  ra te .  Graphs showing 
t h i s  r e l a t i o n s h i p  f o r  d i f f e r e n t  t y p e s  of rock a re  noted  
i n  F i g u r e  11. 
The burner ,  o r  combustor, i s  a r e l a t i v e l y  s imple  
d e v i c e  made f r o m  steel  tub ing .  I t  i n c o r p o r a t e s  a 
s i n g l e  nozz le  des ign  and does n o t  r o t a t e .  
water  i s  avai lable  i n  t h e  system, none i s  used t o  
w a t e r  coo l  t h e  combustion chamber. The burner  i s  n o t  
designed f o r  s e l f - i g n i t i o n  and t h u s  it must be lit by a 
t o r c h  p r i o r  t o  be ing  lowered i n t o  t h e  ho le .  Hard 
c o a t i n g  of  t h e  burner  face i s  necessa ry  t o  reduce  
e r o s i o n .  
Although 
Water i s  used i n  t h e  system t o  quench t h e  w a l l s  of 
t h e  ho le ,  t o  reduce  d u s t  and n o i s e ,  and t o  cool t h e  
escaping  exhaus t  g a s e s  t o  a tempera ture  t h a t  w i l l  allow 
t h e  rubber  supply hoses  a t tached t o  t h e  burner  t o  be 
lowered s a f e l y  i n t o  t h e  ho le .  The water  j e t s  a r e  
2 3  
Granular R o c k  
Grain by Grain R e m o v a l  
Eea t -S pa l l a  b l  e R o c k  
S p a l l a t i o n  R e m o v a l  
BROWNING ENGIPIEERIFYG TIERYO-BLAST SYSTEM 
RELATIONSHIP OF AIR VOLUYE 6 A I R  PRESSURE TO PENETPATIOF RATE 
F igu re  11 
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normally p laced  several f e e t  behind t h e  burner  t o  
ensu re  t h a t  t h e  w a t e r  d o e s n ' t  i n t e r f e r e  w i t h  t h e  
exhaus t  f lame and the reby  create a c o o l i n g  a c t i o n  on 
it. 
The system has  been used t o  d r i l l  numerous w e l l s  
of v a r i o u s  depths .  The t w o  m o s t  s i g n i f i c a n t  w e l l s  
a re  d e s c r i b e d  i n  Table  2 .  They are  t h e  d e e p e s t  w e l l s  
e v e r  d r i l l e d  by t h e  flame j e t  p rocess .  
4 .  F u t u r e  P lans  
Although Browning i s  a c t i v e  i n  t h e  sales  of 
channel ing  too ls ,  it p r e s e n t l y  has  no p l a n s  t o  
con t inue  t h e  development of  t h e  t r u c k  mounted f lame 
j e t  h o l e  d r i l l i n g  system u n t i l  i n d u s t r y  dec ides  t o  
make more u s e  of t h i s  concept .  A t  p r e s e n t ,  m o s t  of  
t h e  t a c o n i t e  q u a r r i e s  which u s e  t h i s  t ype  of  equipment 
a re  s h u t  down. The u s e  of  chambering ( t h e  enlargement 
of s e c t i o n s  of a h o l e )  f o r  a p p l i c a t i o n s  o t h e r  t han  
b l a s t h o l e  d r i l l i n g , h a s  no t  been a g g r e s s i v e l y  pursued 
by i n d u s t r y .  
5. System Evalua t ion  
Browning's f lame j e t  i s  a low o p e r a t i n g  cos t  
system capab le  of  e f f e c t i v e l y  s p a l l i n g  hard rock.  
When p rope r ly  used,  it i s  a good system. The system 
has proven i t s  a b i l i t y  t o  d r i l l  t o  1 0 0 0  f e e t  i n  
g r a n i t e .  
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BROWNING E N G I N E E R I N G  
DEEP WELL PROGRAUS 
Tab le  2 
Date  
Type of  Rock 
Hole Diameter:  
Maximum 
Minimum 
Average 
Hole Depth 
P e n e t r a t i o n  Rates :  
Maximum 
Minimum 
Average 
Down Hole  Burner System: 
Type 
Diameter 
Length 
Water System: 
S u r f a c e  Pump Flow Ra te  
S u r f a c e  Pump Output P r e s s .  
Down Hole Nozzle Press. 
Fue l  System: 
F u e l  Type 
S u r f a c e  Pump Flow Ra te  
S u r f a c e  Pump Output P r e s s .  
A i r  System: 
S u r f a c e  Equip. Flow Ra te  
S u r f a c e  Equip.  Output Press. 
Down Hole P r e s s .  t o  Burner 
Flame Temp. ( e s t . )  
Flame V e l o c i t y  ( e s t . )  
Exhaust G a s  E x i t  V e l o c i t y  
a t  S u r f a c e  (average)  
Coleman Quarry 
Conway, N.  Hampshire 
August, 1981 
Competent Hard G r a n i t e  
20.0 in. (1 )  
7 .5  in. 
10 .5  in. 
1086 f t .  
100  f t . / h r .  
2 0  f t . / h r .  
52 f t . / h r .  
S i n g l e  Nozzle,  Non-Rotating 
4 .0  in. 
20.0 f t .  
#2 Fue l  O i l  
40 gPh 
1200 SCFM (3 )  
700 psi 
550 p s i  
3300°F 
5200 f t . / s e c .  
2788 f t . / m i n .  
~ ~ 
Rock of  Ages Quarry 
Bar re ,  Vermont 
October ,  1982 
Competent Hard G r a n i t e  
25.0 in. 
10 .0  in. 
15 .6  i n .  
425 f t .  
30  f t . / h r .  
1 3  f t . / h r .  
- 
S i n g l e  Nozzle,  Non-Ro t a  t ing 
5 .5  in. 
29.5 f t .  
- 
284 p s i  
- 
1 2  Fue l  O i l  
4 0  gph 
1200 p s i  
1200 SCFU (4 )  
300 p s i  
125  p s i  
3300OF 
5200 f t . / s e c .  
900 f t . /min .  
Notes:  
(1) A t  bottom o f  h o l e ,  d i ame te r  i n c r e a s e d  t o  4 0  i n c h e s .  
(2)  A 3 / 8  in. o r i f i c e  w a s  p laced  in t h e  water l i n e  t o  r educe  water f low.  Excess ive  
water f low t e n d s  t o  r educe  t h e  d r i l l i n g  r a t e  because  of i t s  c o o l i n g  e f f e c t .  
(3) Two 900 SCFM, 350 p s i  compressors  were f e e d i n g  i n t o  a 1200 SCFM, 700 p s i  p r e s s u r e  
b o o s t e r .  
(4 )  Two 600 SCFU, 300 p s i  compressors  were u s e d ,  
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B. Linde Div i s ion ,  Union Carbide Corpora t ion ,  Tonawanda, 
N e w  York 
1. Background 
Linde has  been a c t i v e l y  involved i n  t h e  d e s i g n ,  
development, and f i e l d  o p e r a t i o n  of  j e t  p i e r c i n g  
equipment s i n c e  t h e  l a t e  1 9 3 0 ' s .  Because of t h i s ,  it 
can be cons idered  t h e  primary developer  of t h i s  
equipment i n  t h i s  count ry .  To pursue  t h i s  technology,  
Linde e s t a b l i s h e d  a r e s e a r c h  f a c i l i t y  i n  Minnesota 
t h a t  concen t r a t ed  on t h e  des ign  of  j e t  bu rne r s  and 
t h e i r  r e l a t e d  e f f e c t s  on d r i l l i n g  rock .  Linde a l s o  
used i t s  des ign  eng inee r ing  f a c i l i t i e s  i n  Tonawanda, 
N e w  York t o  des ign  t h e  necessa ry  d r i l l i n g  r i g s  and 
a s s o c i a t e d  equipment. The combined e f f o r t s  of bo th  of  
t h e s e  f a c i l i t i e s  has  produced a number of p a t e n t s  and 
a l i n e  of  equipment t h a t  has  been r e a d i l y  accepted  by 
i n d u s t r y .  
2 .  Opera t iona l  S t a t u s  
Linde s p e c i a l i z e s  i n  t h e  des ign  of  j e t  p i e r c i n g  
t o o l s  and r i g s ,  F i g u r e  1 2 ,  t h a t  are  used f o r  t h e  
d r i l l i n g  and chambering of  b l a s t h o l e s .  Linde has  
b u i l t  4 2  r i g s  s i n c e  t h e  1 9 4 0 ' s .  Together t h e  r i g s  
have d r i l l e d  more t h a n  4 0  m i l l i o n  feet  of  h o l e .  Most 
of  t h i s  d r i l l i n g  has  been i n  t a c o n i t e  q u a r r i e s .  A t  
p r e s e n t ,  most of  t h e s e  r i g s  a re  s h u t  down because of 
l a c k  of work i n  t h e  q u a r r i e s .  
Linde has  a l s o  developed a l i n e  of channel ing  
t o o l s  f o r  c u t t i n g  hard  rock.  The company has  s o l d  
approximately 200  of  t h e s e  t o o l s .  
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LINDE JET P I E R C I N G  RIG MODEL JPM-5 
R e f .  : Linde  D i v i s i o n ,  Union Carb ide  Corpora t ion ,  Tonawanda, New York 
F igu re  12 
2 8  
3 .  System Desc r ip t ion  
L inde ' s  j e t  p i e r c i n g  system combines oxygen wi th  
N o .  2 f u e l  o i l  i n  a water cooled ,  r o c k e t  t ype ,  
combustion chamber, F igu re  1 3 .  The exhaus t  gases  and 
flame a r e  expe l l ed  from t h e  chamber through a nozz le  
and a g a i n s t  t h e  rock s u r f a c e .  These g a s e s  a r e  
approximately 4300OF. An optimum oxygen-fuel r a t i o  
by weight i s  cons idered  t o  be 3 . 3 7 .  Using t h i s  r a t i o ,  
optimum rock removal ra tes  w e r e  noted when 1 3 , 5 0 0  CFH 
of oxygen w a s  used, F i g u r e  1 4 .  Linde u s e s  a mul t i -  
nozz le  burner  t h a t  ro ta tes  a t  approximately 20 t o  2 5  
RPM when i n  o p e r a t i o n .  Extens ive  exper imenta t ion  has  
l e d  t o  average burner  l i f e  of over  300 hours .  
The concept  of  o p e r a t i o n  used i n  t h i s  system i s  
t o  produce a flame t h a t  i s  aimed a t  t h e  rock  face t o  
h e a t  it and, i n  con junc t ion  wi th  t h e  mass-veloci ty  of 
t h e  exhaus t  g a s e s ,  produce a s p a l l i n g  a c t i o n .  When 
non-spa l lab le  rock o r  c r a c k s  are  encountered,  t h e  
exhaus t  g a s  tempera ture  i s  h igh  enough t o  f u s e  t h e  
rock.  The molten rock i s  t h e n  blown away by a combined 
a c t i o n  of t h e  mass-veloci ty  of  t h e  exhaus t  g a s s e s  and 
t h e  scrapping  a c t i o n  of t h e  burner  reamer l u g s .  This  
t ype  of o p e r a t i o n  i s  much s l o w e r  t h a n  t h e  s p a l l i n g  
o p e r a t i o n .  
I n  o p e r a t i o n ,  t h e  burner  i s  p laced  on t h e  end of  
a long m e t a l  s h a f t .  The burner  i s  i g n i t e d  on t h e  
s u r f a c e  by means of  an  e x t e r n a l  t o r c h .  The o p e r a t i n g  
burner  i s  then  lowered i n t o  t h e  h o l e  and p o s i t i o n e d  
f o u r  t o  s i x  inches  above t h e  rock  f a c e .  A s  t h e  rock  
s p a l l s ,  t h e  burner  i s  lowered f u r t h e r  i n t o  t h e  ho le .  
A s  t h e  s p a l l s  are produced, t hey  are blown t o  t h e  
s u r f a c e  by t h e  exhaus t  g a s e s .  
2 9  
w Flame ducnorgw poswqa IWth 
SECTICN A 
ww 
M1. 
SECTION B 
SECTION C 
FRONT END VIEW 
Oivwrpent 
Watar spray flame holm 
--@ Swulinq ring 
ORlFlCE TIP FACE 
BUR.?!ER 
LINDE JET DIERCING TOOL 
NEL 
INJECTOR 
F i g u r e  13 
30  
3.0 
2.5 
2.c 
1.5 
1.c 
0.5 
a 
P 
/* 
0 - 10,000 - 12.000 
0 - 1 3 , 5 0 0  - 15,000 
A - 16,000 
C F H  B U R N E R  
CFH B U R N E R  
C F H  B U R N E R  
C F H  B U R N E R  
C F H  B U R N E R  
I I 
5 10 1s 2 0  2 5  30 35 40  4 5  5 0  
AVERAGE JET PIERCING SPEED - F P H  
LINDE JET PIERCIMG SYSTEM 
OXYC EN UTILIZATION RATES 
Figure  14 
31 
A u x i l i a r y  water i s  used t o  cool t h e  combustion 
chamber, t o  quench t h e  rock p a r t i c l e s ,  and t o  ass is t  
i n  blowing t h e  rock t o  t h e  s u r f a c e .  The w a t e r  
nozz le s ,  as noted i n  F igu re  1 3 ,  are  l o c a t e d  j u s t  a f t  
of t h e  burner  face. 
The l a tes t  model r i g ,  t h e  JPM-5, F i g u r e  1 2 ,  t h a t  
i s  used t o  c o n t r o l  t h i s  o p e r a t i o n  i s  semi-automatic 
i n  o p e r a t i o n  and can be c o n t r o l l e d  by one o p e r a t o r .  
An a s s i s t a n t  o p e r a t o r  i s  used when necessa ry  t o  h e l p  
wi th  maintenance, a u x i l i a r y  o p e r a t i o n s ,  e tc .  A b r i e f  
d e s c r i p t i o n  of t h e  des igns  of p rev ious  Linde r i g s  
t h a t  have l e d  t o  t h e  JPM-5 model i s  noted i n  Table 3 .  
4. F u t u r e  P lans  
A t  p r e s e n t ,  Linde has  no p l a n s  t o  improve i t s  r i g  
o r  burner  des igns  because of t h e  h i g h l y  un favorab le  
bus iness  c o n d i t i o n s  c r e a t e d  by t h e  c l o s i n g  down of 
m o s t  of  t h e  t a c o n i t e  mines. These mine c l o s i n g s  have 
e s s e n t i a l l y  s h u t  down m o s t  of  L i n d e ' s  r i g  o p e r a t i o n s .  
I f ,  however, t h e  t a c o n i t e  i n d u s t r y  improved, o r  o t h e r  
u s e s  f o r  j e t  p i e r c i n g  w e r e  t o  be found, Linde would 
i n c r e a s e  i t s  a c t i v i t y  i n  t h i s  bus iness .  
5. System Evalua t ion  
Linde has  developed a semi-automated system t h a t  
i s  capable  of  s u c c e s s f u l l y  s p a l l i n g  and/or me l t ing  
rock t o  produce hole .  The system can be f u r t h e r  
automated and improved i f  needed. The system has 
s i g n i f i c a n t  c a p a b i l i t y .  
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J E T  PEIRCING MACHINE SPECIFICATIONS 
T a b l e  3 
I JPM-3 I JPM-4 I JPM-5 
Opera t ing  Weight,  t o n s  
Overall Length,  f t .  
Mast Height ,  f t .  
Design Hole Depth,  f t .  
Overall 'Width, f t .  
Width Over Crawlers, f t .  
H y d r a u l i c  J a c k s  
Diameter, i n .  
S t r o k e ,  i n .  
Main Transformer , KVA 
P r o p u l s i o n  Drive 
F u e l  O i l  Capac i ty ,  g a l s .  
Type C o n t r o l  
42 .0  
22.5 
69.0 
50.0 
1 2 . 5  
1 1 . 9  
4 
6 
36 
75 
E lec t r i c  
52 5 
Manual 
46.0 
23.7 
73.0 
56.0 
15.4 
1 4 . 9  
3 
7 
54 
150 
Electr ic  
523 
Manual 
87.5 
31.3 
82.5 
64.0 
1 7 . 6  
1 5  
4 
7 
54 
225 
H y d r a u l i c  
850 
Mlcr o p r  o c es s o r  
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C.  Flame J e t  P a r t n e r s ,  L td . ,  Encino, C a l i f o r n i a  
1. Background 
I n  1 9 7 2 ,  Messe r schmi t t -Boe lkow-Blob  (MBB),  
Germany, r ece ived  a c o n t r a c t  from t h e  P h i l l i p i n e  
government t o  work on s e v e r a l  p r o j e c t s  t h a t  r e q u i r e d  
t h e  u s e  of r o c k e t  engine  technology.  One of t h e s e  
p r o j e c t s  w a s  t h e  d r i l l i n g  of w a t e r  w e l l s .  M r .  Werner 
Baum, a r o c k e t  engine s c i e n t i s t  f o r  MBB was asked t o  
head up t h e  t o t a l  program. A f t e r  f o u r  y e a r s  of t h i s  
work, Werner Baum l e f t  MBB i n  1 9 7 6  t o  become V i c e  
P r e s i d e n t  of a newly formed company, Process 
Engineer ing I n t e r n a t i o n a l  ( P E I ) ,  Canoga Park,  
C a l i f o r n i a .  This  company w a s  ded ica t ed  t o  p a t e n t i n g  
and developing a flame j e t  d r i l l i n g  system t h a t  used 
a ve ry  h igh  tempera ture  r o c k e t  engine.  O v e r  t h e  nex t  
few y e a r s  a number of  p a t e n t s  w e r e  ob ta ined  and a t e s t  
r i g  w a s  b u i l t .  The r i g  w a s  s u c c e s s f u l l y  t e s t e d  on 
d i f f e r e n t  t ypes  of hard rock ,  i n c l u d i n g  hemati te ; .  
g r a n i t e ,  sands tone ,  e tc .  
I n  1 9 8 2  P E I  a s s igned  a l l  of i t s  p a t e n t s ,  m a t e r i a l s ,  
and equipment t o  Flame J e t  P a r t n e r s ,  Ltd.  ( F J P ) ,  Encino, 
C a l i f o r n i a ,  who i n  t u r n  w a s  t o  ra ise  s u f f i c i e n t  c a p i t a l  
t o  commercialize t h e  f lame j e t  d r i l l i n g  system f o r  deep 
d r i l l i n g .  
2.  Opera t iona l  S t a t u s  
P E I  des igned ,  b u i l t ,  and t e s t e d  on ly  one j e t  
d r i l l i n g  u n i t .  This  r i g  was b u i l t  p r i m a r i l y  t o  t es t  
t h e  concept  and t h u s  it has  ve ry  l i m i t e d  d r i l l i n g  dep th  
c a p a b i l i t y  (approximately t e n  f e e t ) .  A f t e r  d r i l l i n g  a 
number of  t e s t  h o l e s  i n  d i f f e r e n t  l o c a t i o n s ,  and 
proving t h e  c a p a b i l i t y  of t h e  system, t h e  r i g  w a s  
s tacked  i n  a yard i n  F o r t  Worth, Texas. A t  p r e s e n t  
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t h e  r i g  i s  n o t  being opera ted . '  
3 .  System Desc r ip t ion  
The t es t  r i g  bu I t  by P E I  c o n s i s t e d  of a mechan 
capab le  of lowering a k e l l y  i n t o  t h e  ground. An 
advanced des ign  i s  noted i n  F i g u r e  15 .  A combustion 
. s m  
chamber, l o c a t e d  on t h e  end of t h e  k e l l y ,  combines and 
mixes t h e  f u e l ,  hydraz ine ,  and t h e  o x i d i z e r ,  n i t r o g e n  
t e t r o x i d e ,  F i g u r e  1 6 .  The hype rgo l i c  t ype  r e a c t i o n  of 
t h e s e  two l i q u i d s  creates i g n i t i o n  of t h e  combined 
f l u i d  mass. The h o t  gases ,  approximately 7000°F, are  
t h e n  exhausted through t h e  combustor nozz le  i n  t h e  form 
of  a wedge shaped j e t .  I n  f i e l d  o p e r a t i o n ,  t h i s  
exhaus t  g a s  i s  aimed a t  a rock f a c e .  Ro ta t ion  of t h e  
k e l l y  provides  a l t e r n a t e  p e r i o d s  of i n t e n s e  h e a t  on t h e  
rock f a c e .  P E I  claims t h a t  t h i s  hot-cold c y c l i n g  
assists i n  t h e  s p a l l i n g  p rocess .  For non-spa l lab le  
rock  zones,  t h e  exhaus t  g a s  tempera ture  i s  h igh  enough 
t o  f u s e  t h e  rock.  When t h i s  happens, t h e  combined 
effects  of  t h e  mass-veloci ty  of t h e  g a s e s  and t h e  
scrapping  a c t i o n  of t h e  l u g s  on t h e  combustion chamber 
s h i e l d  can blow away t h e  fused  rock.  
I g n i t i o n  of t h e  fue l -oxydizer  mix tu re  is  due t o  
hype rgo l i c  a c t i o n .  Because of t h i s ,  i t  i s  claimed t h a t  
i g n i t i o n  c o n t r o l ,  s t a r t  and s t o p ,  can be ob ta ined  by a 
va lv ing  system t h a t  c o n t r o l s  t h e  f l o w  and t h e r e f o r e  t h e  
i n t e r a c t i o n  of t h e s e  l i q u i d s .  
A w a t e r  system i s  r e q u i r e d  t o  c o o l  t h e  combustion 
chamber and t o  enhance t h e  s p a l l i n g  p rocess .  I t  i s  
recommended t h a t  t h e  w a t e r  be de ion ized  t o  avoid bu i ld -  
up of d e p o s i t s  i n  t h e  system. 
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S t o r e d  D r i l l i n g  Lances 
R e f u e l i n g  Lines 
z x h a u s t  System Modified R o t a r y  D r i l l i n g  
Diesel F u e l  Tanks 
F l a m e  Jet  Drilling Lanc 
W f E  JET PARTNERS, LTD. 
DEEP HOLE DRILLI?!C R I G  CONCEPT 
F i g u r e  1 5  
s i g  
3 6  
Q w  B a t t e r y  
E l e c t r i c a l  System 
Hydrau l i c  System w i t h  
Dr ives ,  Dumps, and 
Expansion System 
Con ta ine r  
Gas Supply 
P r o p e l l a n t  Tank 
SELF-CONTAINED ROCKET ENGIYE 
DRILLING LANCE 
Feed System 
Burner F i g u r e  1 6  
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4 .  F u t u r e  P lans  
The f u t u r e  of F J P  i s  dependent upon t h e  a b i l i t y  
of t h e  company t o  ra i se  fundin9 fo r  t h e  development 
of t h e  deep d r i l l i n g  r i g  and other  a p p l i c a t i o n s .  
U n t i l  t h e s e  funds a r e  a v a i l a b l e ,  no a d d i t i o n a l  work 
of any k ind  w i l l  be done w i t h  t h i s  system. 
5. System Evalua t ion  
This  system i s  extremely complex when compared 
t o  t h e  Linde system and t h e  Browning system because 
of t h e  type  of f u e l  and o x i d i z e r  used and t h e  
handl ing problems involved.  I n  a d d i t i o n ,  t h e  concept  
of  p l a c i n g  t h e  f u e l  t a n k s  down hole p r e s e n t s  c e r t a i n  
dangers  and t h e  requirement  of  fa r  more t r i p p i n g  t i m e  
t o  c o n t i n u a l l y  r e p l e n i s h  t h e  f u e l  supply.  With 
a d d i t i o n a l  des ign  work, s o m e  of t h e s e  problems could 
be e l imina ted .  The system must be cons idered  
experimental  i n  n a t u r e .  
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D .  Comparative Analys is  
On a comparative b a s i s ,  t h e  t h r e e  systems p r e v i o u s l y  
desc r ibed  are as  noted i n  Table  4 .  Although a l l  t h r e e  
are  concerned wi th  t h e  s p a l l i n g  p rocess ,  t h e r e  are  
s i g n i f i c a n t  d i f f e r e n c e s  i n  each system. 
I t  should be noted t h a t  even though a number of 
d r i l l i n g  r i g s  w e r e  b u i l t ,  f e w  i f  any a r e  working a t  
p r e s e n t .  This  i s  n o t  due t o  t h e  f a u l t  of t h e  equipment -
o r  t h e  concept .  This  i s  due t o  t h e  s h u t  down of many o f  
t h e  q u a r r i e s  t h a t  u se  t h i s  t ype  of  equipment. I n  r e a l i t y ,  
t h e  number of r i g s  b u i l t  and t h e  number of f ee t  d r i l l e d  
a t t e s t  t o  t h e  fac t  t h a t  thermal  s p a l l a t i o n  i s  a v i a b l e  
and e f f e c t i v e  d r i l l i n g  t echn ique  when used p rope r ly .  
F u r t h e r ,  as noted i n  Table  4 ,  s i g n i f i c a n t  d i f f e r e n c e s  can 
be designed i n t o  a system and s t i l l  produce a c c e p t a b l e  
r e s u l t s .  Thus t h e  concept  has  a deg ree  of des ign  
f l e x i b i l i t y .  
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c c 
COMPARATIVE ANALYSIS 
OF 
EQUIPMENT DESIGNS AND UNITS BUILT 
TABLE 4 
Browning Engineer ing ,  I n c  . Linde D i v i s i o n ,  UCC Flame Jet  P a r t n e r s ,  L td .  I 
Max. Depth D r i l l e d  ( F t .  approx.)  
O x i d i z e r  
Fuel  
Exhaust Gas Temp. (OF approx . )  
Type of Burner  
Nozzle R o t a t i o n  
rp 
0 
D r i l l  R i g s  B u i l t  
D r i l l  R i g s  Opera t ing  
Channeler s B u i l t  (Approx. ) 
Channelers  Opera t ing  (Approx.) 
Relative D r i l l i n g  C o s t s  a t  
Comparative D r i l l i n g  Rates 
1086 (1) 
A i r  
No. 2 F u e l  O i l  
3300 OF 
S i n g l e  Nozzle  
N o  
1 
0 
4 0 0  
250 
Low 
200 
Oxygen 
No. 2 F u e l  O i l  
4300 OF 
M u l t i  Nozzle 
Y e s  
4 2  
Unknown 
200 
50 
I n t e r m e d i a t e  
1 0  
N i t r o g e n  T e t r o x i d e  
Hydrazine 
7000 OF 
Wedge Shaped Nozzle 
Y e s  
1 
0 
0 
0 
High 
Notes:  (1)  A modi f ied  system d r i l l e d  a 1400 f t .  h o l e  i n  i c e  i n  t h e  A n t a r c t i c a  
V. AREAS O F  POTENTIAL USE FOR THERMAL SPALLATION DRILLING 
TECHNOLOGY 
Flame j e t  d r i l l i n g  i s  a technology t h a t  posses ses  t w o  
unique a t t r i b u t e s .  The f i r s t  i s  i t s  p o t e n t i a l  a b i l i t y  t o  
d r i l l  h o l e s  i n  c e r t a i n  t y p e s  of  hard rocks  a t  v e r y  h igh  
p e n e t r a t i o n  ra tes .  The second a t t r i b u t e  i s  i t s  a b i l i t y  t o  
create chambers o r  t o  e n l a r g e  a r e a s  a t  t h e  bottom of  ve ry  
narrow h o l e s ,  as  i l l u s t r a t e d  i n  F i g u r e  8 .  Both a t t r i b u t e s  
a r e  common on ly  t o  t h i s  t ype  of d r i l l i n g .  
With r ega rd  t o  t h e  f i r s t  a t t r i b u t e ,  t h e  v a l u e  of t h e  
system i s  l i m i t e d  t o  making h o l e  i n  on ly  t h o s e  t y p e s  of rock 
t h a t  w i l l  s p a l l .  I n  g e n e r a l ,  t h e s e  rocks  are v e r y  hard ,  
c r y s t a l l i n e  type  s t r u c t u r e s .  Other ,  sof ter  type  rocks  w i l l  
a l so  s p a l l ,  b u t  a t  a lower p e n e t r a t i o n  ra te .  Consider ing 
t h e s e  f a c t s ,  t h e  fo l lowing  h o l e  d r i l l i n g  a p p l i c a t i o n s  should 
be reviewed. 
O i l  and G a s  Wells 
Geothermal Wells 
H o t  Dry Rock Wells 
In-Si tu  Leaching 
Water Wells 
0 Mining Opera t ions  
Of t h e  above uses ,  o i l  and g a s  w e l l s  p r e s e n t  t h e  l a r g e s t  
p o t e n t i a l  because of  t h e  number of w e l l s  d r i l l e d .  F u r t h e r ,  
t h e s e  w e l l s  normally p e n e t r a t e  sands tone ,  l imes tone ,  and/or 
dolomite  formations.  Both sands tone  and dolomi te  have shown 
t endenc ie s  t o  s p a l l .  H o w e v e r ,  because a ve ry  h igh  tempera ture  
flame j e t  i s  used for t h e  d r i l l i n g  o p e r a t i o n ,  a p o t e n t i a l l y  
dangerous s i t u a t i o n  could develop i n  which t h e  h igh  tempera ture  
flame i g n i t e s  t h e  o i l  o r  g a s  i n  t h e  r e s e r v o i r  and causes  a 
v e r y  s e r i o u s  explos ion .  For t h i s  reason  it i s  extremely 
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doub t fu l  t h a t  any o i l  o r  g a s  o p e r a t i n g  company would a l l o w  
t h e i r  f i e l d s  t o  be d r i l l e d  wi th  t h i s  method. This  f a c t  
a l o n e  w i l l  e l i m i n a t e  t h i s  market  area. 
Geothermal w e l l  d r i l l i n g  p r e s e n t s  an  i n t e r e s t i n g  
a p p l i c a t i o n .  I ts  v a l u e ,  however, i s  c o n s t r a i n e d  by t h e  type  
of rock format ions  t h a t  must be p e n e t r a t e d  and t h e  methods 
used t o  c o n t r o l  t h e  f l o w  of r e s e r v o i r  f l u i d s  i n t o  t h e  w e l l .  
I f  t h e  w e l l  i s  a d r y  s t e a m  w e l l  and t h e  rock  format ions  are  
s u i t a b l e ,  f l a m e  j e t  d r i l l i n g  may f i n d  a p o s s i b l e  a p p l i c a t i o n .  
H o w e v e r ,  i f  t h e  rock format ions  a re  n o t  s u i t a b l e  and/or t h e  
w e l l s  f low h o t  water,  t h e  u s e  of t h i s  technique  t o  d r i l l  t h e  
w e l l s  i s  v e r y  ques t ionab le .  
The d r i l l i n g  of h o t  d r y  rock w e l l s  p r e s e n t s  a v e r y  
unique use  because of t h e  hard rock format ions  t h a t  must be 
p e n e t r a t e d  and t h e  g e n e r a l l y  d r y  d r i l l i n g  c o n d i t i o n s .  T h i s  
a p p l i c a t i o n  should be f u l l y  eva lua ted  because of t h e  p o t e n t i a l  
it r e p r e s e n t s .  
I n - s i t u  l each ing  refers t o  a mining p rocess  whereby w e l l s  
a r e  d r i l l e d  i n t o  mine ra l  bea r ing  format ions .  Acids o r  o t h e r  
l each ing  a g e n t s  are  then  i n j e c t e d  i n t o  t h e  format ion  and 
fo rced  t o  flow t o  producing areas. 
could  p r e s e n t  i n t e r e s t i n g  a p p l i c a t i o n s  f o r  flame j e t  d r i l l i n g .  
Unfor tuna te ly ,  t h e  market f o r  t h i s  t ype  of work i s  v e r y  
l i m i t e d  and therefore t h e  p o t e n t i a l  it o f f e r s  i s  n e g l i g i b l e .  
The d r i l l i n g  of t h e  wells 
Mining o p e r a t i o n s  p r e s e n t s  t h e  la rges t  u s e  of t h i s  t ype  
of d r i l l i n g  t o  date. 
r e p o r t ,  b l a s t  h o l e  d r i l l i n g  and channel ing  have used t h i s  
technology t o  a l a r g e  degree .  
t echnique  has  d e c l i n e d  due t o  t h e  decreased  o p e r a t i o n  of U . S .  
t a c o n i t e  q u a r r i e s  and t h e  improvements i n  convent iona l  r o t a r y  
d r i l l i n g  b i t s .  
pace w i t h  t h e  growth of t h e  rock c u t t i n g  i n d u s t r y .  
A s  noted i n  prev ious  s e c t i o n s  of  t h i s  
I n  r e c e n t  y e a r s  t h e  u s e  of t h i s  
Channeling o p e r a t i o n s  have f o r t u n a t e l y  k e p t  
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The d r i l l i n g  of water w e l l s  i n  hard rock count ry  may 
o f f e r  a s m a l l  market ,  b u t  t h i s  w i l l  be e s s e n t i a l l y  shal low 
w e l l  d r i l l i n g .  This  t ype  of d r i l l i n g  w i l l  n o t  a l l o w  t h e  
development of  m o r e  advanced systems. 
The second a t t r i b u t e  of f l a v e  j e t  d r i l l i n g ,  chambering, 
may o f f e r  some oppor tun i ty  because of t h e  uniqueness  of t h e  
o p e r a t i o n .  This  concept  has  been used e x t e n s i v e l y  i n  t h e  
enlargement  of  s e c t i o n s  of  b l a s t  ho le s .  Other  u s e s  f o r  it 
may be found i n  t h e  development of underground chambers f o r  
Nuclear o r  Hazardous Waste Disposal  
Fuel  o r  G a s  S to rage  
M i l i t a r y  A p p l i c a t i o n s  
The development of  underground chambers f o r  t h e  permanent 
s t o r a g e  of nuc lea r  o r  hazardous waste m a t e r i a l s  could p r e s e n t  
a sma l l ,  s p e c i a l i z e d  market.  F r a c t u r e s  o r  c racks  i n  t h e  rock  
format ion ,  which might provide  leakage  from t h e  chamber, could 
be overcome by s o l i d i f y i n g  and then  p u l v e r i z i n g  t h e  w a s t e  
mater ia l  i n t o  nondisso lvable ,  marble  s i z e d  components. This  
material  could  t h e n  be poured i n t o  t h e  underground chamber. 
Fuel  o r  g a s  s t o r a g e  i n  underground chambers may be 
d i f f i c u l t  t o  do because of t h e  problem of leakage  through 
rock f r a c t u r e s  and c racks .  Thus t h e  p o t e n t i a l  of t h i s  
a p p l i c a t i o n  i s  ve ry  l i m i t e d .  
The u s e  of chambering may have s o m e  m i l i t a r y  a p p l i c a t i o n ,  
b u t  t h i s  must be d i scussed  i n  d e t a i l  w i t h  v a r i o u s  agenc ie s ,  
such a s  DARPA and DARCOM, before any assessment  can be made. 
The uniqueness  of t h e  chambering concept  could  l end  i tself  t o  
s o m e  m i l i t a r y  use .  
Consider ing t h e  above a p p l i c a t i o n s ,  s e v e r a l  s t a n d  o u t  a s  
having r ea l i s t i c  market p o t e n t i a l .  They are  t h e  d r i l l i n g  o f  
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dry steam geothermal wells, hot dry rock geothermal wells, 
and the chambering or building of caverns f o r  hazardous waste 
storage. These markets should be more fully investigated to 
determine their true potential. 
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V I .  THERMAL SPALLATION D R I L L I N G  R I G  D E S I G N  CIS 
A. Design Overview 
To e f f e c t i v e l y  e v a l u a t e  flame j e t  d r i l l i n g ,  a 
conceptua l  des ign  of a d r i l l i n g  system t h a t  can e i t h e r  
r o t a r y  d r i l l  o r  flame j e t  d r i l l  a s  needed w i l l  be 
developed. This  w i l l  be accomplished by i n t e g r a t i n g  a 
thermal  s p a l l a t i o n  d r i l l i n g  system i n t o  a convent iona l  
r o t a r y  d r i l l i n g  system. The des ign  s h a l l  c o n s i s t  of 
t h r e e  groups of equipment designed t o  reduce o v e r a l l  r i g  
c o s t .  The f i r s t  group w i l l  c o n t a i n  t h o s e  components 
used o n l y  f o r  r o t a r y  d r i l l i n g .  The second group w i l l  
c o n t a i n  t h o s e  elements  used on ly  f o r  flame j e t  d r i l l i n g ,  
and t h e  t h i r d  group w i l l  c o n t a i n  t h o s e  components common 
t o  both  t y p e s  of  d r i l l i n g .  During d r i l l i n g  o p e r a t i o n s ,  
components r e q u i r e d  f o r  r o t a r y  d r i l l i n g  w i l l  be used t o  
d r i l l  through g e o l o g i c a l  s t r a t a  most conducive t o  t h a t  
d r i l l i n g  method. Likewise,  when d r i l l i n g  i n  g r a n i t e  o r  
o t h e r  s i m i l a r  rock ,  t h e  flame j e t  d r i l l i n g  components w i l l  
be used. I n  t i m e ,  a s  exper ience  i s  gained i n  thermal  
d r i l l i n g  and i f  u se  of  t h i s  technology increases, it may 
be p o s s i b l e  t o  des ign  a s i n g l e  inexpens ive  r i g  capab le  of 
pe r fo rming  a l l  f u n c t i o n s .  Tha t  d e s i g n  migh t  i n o l u d e  t h e  
u s e  of a hydrau l i c  heavy l i f t  system f o r  handl ing c a s i n g ,  
a power swivel  f o r  d r i l l  s t r i n g  r o t a t i o n ,  a d r i l l  p i p e  
handl ing system, e tc .  This  system should be less expens ive  
than  t h e  combined r i g  concept  d e f i n e d  above. The des ign  of  
t h i s  r i g ,  however, would be cons idered  exper imenta l  and 
w e l l  beyond t h e  scope of t h i s  s tudy .  
When e v a l u a t i n g  t h e  combined r i g  concept ,  it becomes 
apparent  t h a t  t h e  t w o  r i g s  must be analyzed as  a s i n g l e  
d r i l l i n g  system c o n s i s t i n g  o f  a number of modules t h a t  can  
be i n t e g r a t e d  t o g e t h e r  when needed o r  se t  a s i d e  when n o t  
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being  used. F u r t h e r ,  it becomes necessa ry  t o  t r a n s f e r  
t h e  d r i l l i n g  f u n c t i o n  f r o m  one  system t o  t h e  o the r  w i t h  
l i t t l e  d i f f i c u l t y  and l i t t l e  loss of t i m e .  Thus a systems 
approach t h a t  d e f i n e s  t h e  f u n c t i o n  of each subsystem, t h e i r  
i n d i v i d u a l  requi rements  f o r  o p e r a t i o n ,  t h e i r  r e l a t i o n s h i p  
t o  each o ther ,  e t c . ,  w i l l  be used.  I n  t h i s  way a l l  
f u n c t i o n s  w i l l  be provided f o r ,  d u p l i c a t i o n  w i l l  be 
e l i m i n a t e d ,  and proper  and e f f i c i e n t  r e l a t i o n s h i p s  can  be 
es tab l i shed .  
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R .  Rig S p e c i f i c a t i o n s  
The system t o  be desiqned must be capab le  of d r i l l i n g  
t h e  t w o  wells i l l u s t r a t e d  i n  F i g u r e  1 7 .  These w e l l s  a r e  
approximately 1 5 , 0 0 0  f t .  and 1 4 , 0 0 0  f t .  deep,  r e s p e c t i v e l y ,  
wi th  each d e v i a t i n g  o u t  a s  de f ined  i n  F igu re  1 8 .  Typica l  
g e o l o g i c a l  s t r a t a  t o  be d r i l l e d  and t y p i c a l  h o l e  d i ame te r s  
and c a s i n g  programs are a l s o  de f ined  i n  F igu re  1 7 .  I t  w i l l  
be noted t h a t  approximately 2500  f t .  of  each h o l e  i s  i n  
g e o l o g i c a l  s t r a t a  t h a t ,  i n  g e n e r a l ,  i s  n o t  conducive t o  
thermal  s p a l l a t i o n  d r i l l i n q  techniques .  I n  t h e s e  zones,  
convent iona l  r o t a r y  d r i l l i n g  methods w i l l  be used. 
Conversely,  t h e  remainder of each ho le  c o n s i s t s  o f  g r a n i t i c  
basement rock.  I n  t h i s  format ion ,  s p a l l a t i o n  d r i l l i n g  
technicrues appear  t o  be s u p e r i o r  t o  r o t a r y  d r i l l i n g  a s  f a r  
a s  p e n e t r a t i o n  ra tes  a r e  concerned. Therefore ,  thermal  
s p a l l a t i o n  d r i l l i n g  techniques  w i l l  be used i n  t h e s e  zones. 
The convent iona l  d r i l l i n q  w i l l  be done by a r o t a r y  r i q  
w i t h  a dep th  r a t i n g  of 1 6 , 0 0 0  f t .  t o  1 8 , 0 0 0  f t .  A r i g  of  
t h i s  s i z e  i s  needed t o  i n s t a l l  t h e  long  c a s i n g  s t r i n g s  
r e q u i r e d  t o  r o t a r y  d r i l l  through t h e  cement l e f t  i n s i d e  t h e  
c a s i n g  a f t e r  a cementing o p e r a t i o n  (f lame j e t  d r i l l i n g  
cannot  be used i n s i d e  t h e  c a s i n g  because of t h e  p o s s i b i l i t y  
of burning through t h e  c a s i n g  o r  damaging i t ) ,  and t o  
perform any s u r f a c e  d r i l l i n g  o b e r a t i o n .  
s tandard  i n  des ign  except  f o r  t h o s e  p o r t i o n s  t h a t  have been 
modified t o  c o n v e r t  t o  flame j e t  o p e r a t i o n s .  
The r i g  b r i l l  be 
Thermal s p a l l a t i o n  o p e r a t i o n s  w i l l  be done by a flame 
j e t  r i g  capable  of  u s ing  an  a i r / f u e l  system, a n  oxygen/fuel 
system, o r  an  air-oxygen/fuel  system. The volume and 
c h a r a c t e r i s t i c s  of t h e  f l u i d s  used i n  t h e s e  systems are  a s  
fo l lows .  
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Fuel  
Because a l l  f u e l s  a re  e s s e n t i a l l y  b lends  of d i f f e r e n t  
r e f i n e r y  runs ,  it i s  imposs ib le  t o  s p e c i f y  a f u e l  w i th  
s p e c i f i c  c h a r a c t e r i s t i c s .  Thus f u e l  o i l s  are c l a s s i f i e d  
accord ing  t o  c h a r a c t e r i s t i c  ranges  as  noted i n  Table  5. 
I n  t h i s  des ign  program, a No. 2 Fue l  O i l  w i l l  be used,  a s  
t h i s  t ype  of f u e l  i s  used by bo th  Browning Engineer ing 
and Linde Div i s ion  of Union Carbide.  Fue l  c a l c u l a t i o n s  
w i l l  be based on a n  average  s p e c i f i c  g r a v i t y  of .855, 
which equa te s  t o  a weight  of 7.145 lbs. p e r  g a l l o n .  
Water 
I n  flame j e t  o p e r a t i o n s ,  w a t e r  i s  p r i m a r i l y  used t o  
c o o l  t h e  burner ,  coo l  t h e  w e l l  w a l l s ,  quench and thereby  
s o l i d i f y  molten p a r t i c l e s  of  rock ,  and ass is t  i n  t h e  l i f t  
p rocess .  I n  t h i s  system des ign ,  w a t e r  w i l l  be consumed 
a t  t h e  ra te  of 20 qpm wi th  a s u r f a c e  pump p r e s s u r e  of 
200 p s i .  
Air /Fuel  System 
When us ing  a 1 0 0 %  a i r / f u e l  system, t h e  volumes o f  a i r  
and f u e l  r e q u i r e d  w i l l  be a s  fo l lows:  
A i r :  1200 SCFM @ 7 0 0  p s i  s u r f a c e  p r e s s u r e  
1 SCFM a i r  = .0763 lb s .  @ 6 0 ° F  and 1 4 . 7  p s i a  
Fuel :  4 0  g a l / h r . ,  N o .  2 Fue l  O i l  
Oxygen/Fuel System 
When us ing  a 1 0 0 %  oxygen/fuel system, t h e  volumes of 
oxygen and f u e l  r e q u i r e d  w i l l  be as fo l lows :  
Oxygen: 225 CFM (13,500 C F H )  
1 CFM oxygen = .0845 l b s .  @ 60°F and 1 4 . 7  p s i a  
Fuel  : 4 7  g a l / h r . ,  No. 2 Fuel  O i l  
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Note - a 3 . 2 7  oxygen/fuel r a t i o  i s  used i n  
determining r e q u i r e d  f u e l  consumption. 
S p e c i f i c a t i o n s  f o r  t h e  v a r i o u s  flame j e t  r i g  components 
w i l l  be  d i scussed  i n  d e t a i l  i n  subsequent  s e c t i o n s  o f  t h i s  
r e p o r t .  One s p e c i f i c a t i o n ,  component d e s i g n  tempera ture ,  
must, however, be g iven  s p e c i a l  a t t e n t i o n  because of t h e  
d i f f i c u l t  problem it p r e s e n t s .  
I n  some format ions  s imi la r  t o  t h o s e  i l l u s t r a t e d  i n  
F igu re  1 7 ,  bottom h o l e  tempera tures  can be ve ry  high.  
Holes d r i l l e d  i n  s i m i l a r  format ions  by L o s  A l a m o s  S c i e n t i f i c  
Labora to r i e s  (LASL),  Los Alamos, New Mexico, i n d i c a t e d  
s t a b i l i z e d  bottom hole  tempera tures  i n  t h e  ranges  noted i n  
F igu re  1 9 .  
thermal  s p a l l a t i o n  d r i l l i n g  system, t h e  tempera tures  
experienced by t h e  equipment i n  t h e  h o l e  dur ing  d r i l l i n g  
o p e r a t i o n s  are cons ide rab ly  l o w e r ,  and may be i n  t h e  o r d e r  
of t h e  t e rmpera tu res  noted i n  F i g u r e  2 0 .  
p r o f i l e s  of  h y p o t h e t i c a l  h o l e  tempera tures  (Curves A ,  B ,  and 
C )  as  might be seen  du r ing  d r i l l i n g  o p e r a t i o n s  a r e  compared 
a g a i n s t  t h e  a c t u a l  s t a b i l i z e d  h o l e  tempera tures ,  Curve D ,  of  
F i g u r e  1 9 .  Curves A ,  B ,  and C r e p r e s e n t  what t h e  hypo- 
t h e t i c a l  p r o f i l e  m i g h t  be when t h e  flame j e t  burner  i s  
o p e r a t i n g  a t  dep ths  of  5 , 0 0 0  f t . ,  1 0 , 0 0 0  f t ,  o r  1 5 , 0 0 0  f t .  
The h y p o t h e t i c a l  cu rves  i n d i c a t e  a ve ry  s h a r p  tempera ture  
peak ( s p i k e )  a t  t h e  bottom of t h e  ho le .  T h i s  peak i s  
c r e a t e d  by t h e  ve ry  h o t  burner  exhaus t  g a s e s  as  they  l e a v e  
t h e  burner .  
through t h e  w e l l  bore  because of t h e  c o o l i n g  e f f e c t  of t h e  
w a t e r  je ts  a f t  of t h e  burner ,  t h e  thermodynamic c h a r a c t e r -  
i s t ics  of expanding gases ,  and t h e  l o w  w e l l  w a l l  t empera tures .  
W e l l  w a l l  t empera tures  a re  cons ide red  t o  be l o w  because of 
i n i t i a l  w e l l  w a l l  coo l ing  due t o  a b s o r p t i o n  o f  h e a t  by t h e  
f lowing w e l l  bore  g a s e s ,  and t h e  low thermal  recovery  r a t e  
of  w e l l  w a l l  rock due t o  t h e  l o w  h e a t  t r ansmiss ion  ra tes  of 
However, it has been argued t h a t  when us ing  a 
I n  t h i s  graph ,  
The gases t h e n  cool r a p i d l y  as  they  r i se  
5 2  
LASL WELL TEMPERATURE PROFILES 
EE-2 AND EE-3 
F igure  1 9  
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H y p o t h e t i c a l  Temperature  
(Curves A, B y  C) 
Hole 
Temper a t u r  e 
(OF) 
S t a b  il iz ed 
'Temperature 
(Curve D) 
5,000 10,000 15,000 
Hole Depth 
( f t . 1  
TEMPERATURE PROFILES 
DURING DRILLING OPERATIONS 
FOR 
5,000, 10,000 AND 15,000 FT. HOLES 
F i g u r e  20 
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rock from t h e i r  i n h e r e n t  h e a t  sources. Because h 7 e l l s  of 
t h e s e  dep ths  have never  been d r i l l e d  by means of thermal  
s p a l l a t i o n ,  no r e a l  d a t a  i s  a v a i l a b l e .  A d e t a i l e d  
thermodynamic model of t h e  system t h a t  would b e t t e r  
i n d i c a t e  what t h e s e  tempera tures  a re  could  be developed. 
However, t h a t  i s  beyond t h e  scope of  t h i s  r e p o r t .  
Determinat ion of h o l e  tempera ture  i s  impor tan t  because 
of  t h e  e f f e c t  it has on m a t e r i a l s  used i n  d r i l l i n g  equip-  
ment .  Th i s  i s  p a r t i c u l a r l y  impor tan t  if t h e  equipment 
becomes s t u c k  i n  t h e  ho le  and soaks a t  t h e  s t a b i l i z e d  h o l e  
tempera ture .  I f  t h e  equipment i s  n o t  designed t o  s u r v i v e  
a t  t h e s e  tempera tures ,  i t  could be s e v e r e l y  damaged. 
A summation of a l l  of t h e  above des ign  s p e c i f i c a t i o n s  
i s  a s  fo l lows:  
One c o n t r o l  system f o r  both d r i l l i n g  methods. 
Depth r a t i n g  of 1 6 , 0 0 0  f t .  t o  1 8 , 0 0 0  f t .  Th i s  
i n c l u d e s  mud system, power system, h o i s t i n g  
c a p a b i l i t y ,  e t c .  
Complete se l f - suppor t ing  system wi th  i t s  one prime 
power system, f u l l  m o h i l i t y ,  e tc .  
Complete c a p a b i l i t y  t o  d r i l l  d e v i a t e d  ho le s .  
Complete c a p a b i l i t y  t o  r o t a r y  d r i l l  t o  f u l l  depth .  
Complete c a p a b i l i t y  t o  thermal  s p a l l a t i o n  d r i l l  t o  
f u l l  depth.  
Quench and e f f i c i e n t  c a p a b i l i t y  t o  change from one 
d r i l l i n g  system t o  t h e  o t h e r .  
A l l  - down ho le  equipment w i l l  be designed t o  
e f f e c t i v e l y  o p e r a t e  and s u r v i v e  i n  tempera tures  
similar t o  Curve D ,  F igu re  2 0 .  
55  
C .  R i a  Desian 
The envis ioned  r i g  des ign  i n t e g r a t e s  a f l a m e  j e t  
d r i l l i n g  system i n t o  a convent iona l  r o t a r y  d r i l l i n g  r i g  
a s  noted i n  F igu re  2 1 .  The concept  c o n s i s t s  of  f o u r  
main systems and/or components a s  fo l lows :  
Su r face  System 
U m b i l i c a l  System 
Down H o l e  Burner System 
Cont ro l  System 
Each system o r  component i n c o r p o r a t e s  a number of sub- 
systems,  a l l  of which are modular i n  des ign  and i n t e g r a t e d  
t o g e t h e r  so t h a t  one can e i t h e r  d r i l l  w i th  convent iona l  
r o t a r y  equipment o r  f l a m e  j e t  equipment a s  desired. I n  
t h e  succeeding p a r t s  of t h i s  r e p o r t ,  each system and 
a u x i l i a r y  component w i l l  be  reviewed and/or concep tua l ly  
des igned  t o  t h a t  degree  which w i l l  a l l o w  one t o  understand 
i t s  c a p a b i l i t i e s  and i t s  d e s i g n  c o n s t r a i n t s ,  
All components, w i l l  be economically eva lua ted  t o  
de te rmine  a f a i r  cost .  When p o s s i b l e ,  component cost  w i l l  
be  based on a c t u a l  costs ob ta ined  f r o m  vendors .  A cost  
estimate s h a l l  be made where a c t u a l  costs cannot  be 
obta ined .  
C o s t  est imates s h a l l  assume t h a t  t h e  components are 
made i n  q u a n t i t y  and t h a t  eng inee r ing  costs  are n o t  
inc luded .  
t h a t  w i l l  be  on a f a i r  and e q u i t a b l e  b a s i s  w i t h  t h e  cos t  
of s t anda rd  equipment ob ta ined  f r o m  vendors .  The cost  
e v a l u a t i o n  s h a l l  f u r t h e r  assume t h a t  t h e  component can be 
made i n  a r easonab le  manner and t h a t  i t s  des ign  w i l l  
p rovide  an e f f i c i e n t  and r e l i ab le  system. This  l a s t  
assumption i s  a m a j o r  f ac tor  t h a t  must be f u l l y  understood 
a s  one p rogres ses  i n  t h i s  r e p o r t .  
-
I n  t h i s  way an  estimated cos t  can  be developed 
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c € 
1 I 
Convent ional  D r i l l i n g  Modules 
Mast, S u b s t r u c t u r e  and Accesso r i e s  
D r a w o r k s  and Accesso r i e s  
Ro ta ry  and T r a v e l i n g  Equipment 
Mud Pumps and Components 
D r i l l  S t r i n g  
BOP 
Randl ing Too l s  
Misce l l aneous  
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1. Sur face  System 
A s  i n d i c a t e d  i n  F igu re  2 1 ,  t h e  s u r f a c e  system i s  
d iv ided  i n t o  t h r e e  s e p a r a t e  groups of components. The 
f i r s t  group c o n s i s t s  of  a series of  modules t h a t  are  
used on ly  f o r  convent iona l  d r i l l i n g  o p e r a t i o n s .  The 
second group c o n s i s t s  of modules used o n l y  for flame 
j e t  o p e r a t i o n s ,  and t h e  t h i r d  group c o n s i s t s  o f  modules 
t h a t  a r e  common t o  both d r i l l i n g  o p e r a t i o n s .  I t  should 
be noted t h a t  t h e r e  are  a d d i t i o n a l  s u r f a c e  components, 
b u t  t h e y  are  c l a s s i f i e d  w i t h  t h e  o t h e r  equipment 
systems. 
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Conventional D r i l l i n g  Modules 
Most of  t h e  equipment r e q u i r e d  f o r  convent iona l  
r o t a r y  d r i l l i n g  i s  inc luded  i n  t h i s  group. I n  g e n e r a l ,  
they  are  s t anda rd  o i l  f i e l d  components and r e q u i r e  no 
mod i f i ca t ion  f o r  u s e  w i t h  t h i s  system. A l i s t  of  t h e s e  
components i s  a s  fo l lows:  
Mast, S u b s t r u c t u r e ,  and Accessories 
Mast, Subs t ruc tu re ,  BOP H o i s t ,  C a t w a l k s ,  P ipe  Racks,  
S tandpipe  and Manifold,  Wi re l ine  Guide Assembly, 
Hanging Assembly, Deadline S t a b i l i z e r  
E s t i m a t e d  Cost:  , $ 8 0 0 , 0 0 0  
Drawworks and Accessor ies  
Drawworks, Breaking System, Sand R e e l  Assembly, Crown 
S a f e t y  System, C a t l i n e  Gr ip  Assembly, Rotary Table  
Emergency Drive 
Est imated Cost:  $ 4 1 5 , 0 0 0  
0 Rotary and Trave l ing  Equipment 
Hook, T rave l ing  Block, Swivel ,  Sand l ine ,  Wire Rope and 
R e e l ,  K e l l y ,  K e l l y  Bushing, K e l l y  Piper,  K e l l y  Valves, 
Rotary Table, Rotary Drive, Master Rushing, Rotary 
Hose 
E s t i m a t e d  C o s t :  $ 2 6 0 , 0 0 0  
Mud Pumps and Components 
Mud Pumps, P u l s a t i o n  Dampeners, Vibra tor  Hose, Mud 
Tanks, Sha le  Shakers,  Desanders,  Desil ters,  Mixing 
Equipment, Suc t ion  Hose 
Est imated C o s t :  $ 8 4 0 , 0 0 0  
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D r i l l  S t r i n g  
D r i l l  P ipe  ( 1 6 , 0 0 0  f t . ) ,  Co l l a r s ,  Subs, Pup J o i n t s  
Est imated C o s t :  $ 7 7 0 , 0 0 0  
BOP 
Blowout  Preventers ,  Choke and K i l l  Manifold,  Cont ro ls ,  
Manifold System, Hydraul ic  System 
Est imated C o s t :  $ 3 2 5 , 0 0 0  
Handling Tools 
Elevators,  Spinning Wrench, Tongs, S l i p s ,  L i f t  Subs, 
S a f e t y  Clamps 
Est imated Cost:  $ 9 2 , 0 0 0  
0 Miscel laneous 
Dog House, Mud Storage ,  H o i s t  L ines  
Est imated Cost:  $ 5 0 , 0 0 0  
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Flame J e t  D r i l l i n g  Modules 
The second group of  modules re la tes  d i r e c t l y  t o  flame 
j e t  d r i l l i n g  o p e r a t i o n s .  This  group i n c l u d e s  a l l  t h e  
equipment f o r  t h e  oxygen system 
0 Oxygen System 
The main components of  t h e  oxygen system, a s  noted 
i n  F igu re  2 2 ,  a r e  t h e  l i q u i d  oxygen s t o r a g e  t ank ,  a 
h igh  p r e s s u r e  pump, and t h e  high p r e s s u r e  v a p o r i z a t i o n  
system. This  t ype  of equipment i s  r e a d i l y  a v a i l a b l e  and 
i s  normally i n s t a l l e d  and maintained by an oxygen supply 
company. 
When t h e  r i g  i s  d r i l l i n g  w i t h  a 1 0 0 %  oxygen f u e l  
mix tu re ,  t h e  amount of  oxygen r e q u i r e d  p e r  hour i s  
1 3 , 5 0 0  CFH, o r  approximately 1 2 0  ga l .  of  l i q u i d  oxygen. 
I f  t h e  r i g  i s  ope ra t ed  an  average of  1 5  hours  p e r  day,  
1 2 0  gph X 1 5  h r s .  = 1 8 0 0  ga l . /day  
Using a n  1 1 , 0 0 0  g a l .  l i q u i d  oxygen t ank ,  
l l r o o o  = 6 . 1  days supply of  oxygen 1,800 
An 1 1 , 0 0 0  g a l .  l i q u i d  oxygen storage t ank  should be 
s u f f i c i e n t  f o r  t h i s  o p e r a t i o n .  
Est imated C o s t :  
Concrete  foundat ion  - $ 2 ,000 '  
Supp l i e r  o p e r a t e d  t ank  and 
a u x i l i a r y  equipment - $ 1 3 , 0 0 0  
S u p p l i e r  monthly o p e r a t i n g  charge  - $ 2 , 5 0 0  
The cost of d e l i v e r i n g  oxygen t o  t h e  supply t ank  i s  
$.672/100 f t  , assuming t h e  oxygen g e n e r a t i o n  p l a n t  i s  
i n  Loveland Colorado, and t h e  d r i l l i n g  s i t e  i s  i n  no r th  
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c e n t r a l  N e w  Mexico. 
The oxygen system desc r ibed  above i s  a s t anda rd  
f i e l d  type  system. 
o b t a i n i n g  and/or o p e r a t i n g  t h i s  t y p e  of f a c i l i t y .  
N o  problems are a n t i c i p a t e d  i n  
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Common Modules 
Modules used f o r  e i t h e r  f lame j e t  d r i l l i n g  o r  
convent iona l  d r i l l i n g  i n c l u d e  t h e  a i r  system, t h e  w a t e r  
system, t h e  f u e l  system, t h e  power system, and 
misce l laneous  components such as f i r e  equipment and 
welding equipment. 
A i r  System 
The a i r  system c o n s i s t s  of  t h e  components noted 
i n  F igu re  23. The components a r e  d iv ided  i n t o  two 
subgroups: t h o s e  used p r i m a r i l y  f o r  f l a m e  j e t  d r i l l i n g  
and t h o s e  used f o r  r o t a r y  d r i l l i n g .  The flame j e t  
d r i l l i n g  components are s i z e d  accord ing  t o  requi rements  
t h a t  a r e  de f ined  i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t .  The 
r o t a r y  d r i l l i n g  components are  s imi l a r  t o  t h o s e  found on 
r o t a r y  d r i l l i n g  r i g s  of  t h i s  s i z e .  I t  should be noted 
t h a t  all t h e  compressors,  w i th  t h e  excep t ion  of  t h e  
Quincy DF325-60, are  powered by e lectr ic  motors. The 
Quincy DF325-60 i s  powered by a gas  engine  so t h a t  it 
can be used i n  r i g  up o p e r a t i o n s  and/or o t h e r  a c t i v i t i e s  
p r i o r  t o  t h e  s e t t i n g  up of  t h e  prime power system. 
A l l  components i n  t h e  a i r  system are  s t a n d a r d  and 
can be purchased with little difficulty. If additional 
compressed a i r  i s  r e q u i r e d ,  s i m i l a r  u n i t s  can be o b t a i n e d  
and e a s i l y  added t o  t h e  system. 
Water System 
Water i s  used p r i m a r i l y  f o r  t h e  mud system and t h e  
flame j e t  coo l ing  system. Water f o r  t h e  mud system i s  
t rucked  i n  and normally s t o r e d  i n  t h e  mud t anks .  
Add i t iona l  water may be s t o r e d  i n  e a r t h e n  p i t s  o r  t a n k s  
a s  noted i n  F igu re  24.  Because of  t h e  requi rements  of 
t h e  flame j e t  o p e r a t i o n ,  t anks  w i l l  be used. These t a n k s  
are s t anda rd  o i l  f i e l d  u n i t s  and no d i f f i c u l t y  should be 
64 
c 
' 
A I R  SYSTEM 
- 3000 SCFM @ 500 p s i  
,P 
I t e m  D e s c r i p t i o n  Q u a n t i t y  U n i t  
c o s t  
$ 
800 SCFM @ 350 p s i  
T o t a l  
c o s t  
$ 
90 SCFM @ 1 2 0  p s i  
25 SCFM @ 150 p s i  
Flame J e t  D r i l l i n g  A i r :  
Compressor, Ariel Corp.,  Model J/G-4 
Motor, G .  E . ,  320 KW, 1200 RPM 
Cooler , Air-X-Changer , Type H 
Compressor 
Motor 
Compressor & Motor, Quincy, DF3-90-120 
Compressor & Motor, Quincy, DF325-60 
R o t a r y  D r i l l i n g  A i r :  
165,000* 
32 , 000 
135,000 
13 , 000 
3 ,900  
2 , 950 
- 
495,000 
96,000 
135,000 
13  , 000 
3,900 
2,950 
- 
* I n c l u d e s  Cost of Cooler ,  I t e m  3 
F i g u r e  23 
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WATER TANK 
300 BARREL CAPACITY 
Figure 24 
encountered when o b t a i n i n g  t h i s  t ype  of u n i t .  
Based on t h e  flame j e t  r i g  s p e c i f i c a t i o n  of  20 gpm 
u t i l i z a t i o n  r a t e ,  1 2 0 0  gph o r  28.57 bb l /h r .  w i l l  be 
r e q u i r e d .  I f  t h e  r i g  i s  ope ra t ed  an average  of  1 5  hours  
pe r  day, approximately 428 b b l s  of  w a t e r  p e r  day w i l l  be 
r e q u i r e d .  Thus t w o  300 bbl  w a t e r  t a n k s  w i l l  be r e q u i r e d .  
Est imated C o s t :  Two Water Tanks - $32,000 
Water Pumps - $ 5,000 
Primary Power System 
One primary power system w i l l  be used t o  power both  
convent iona l  r o t a r y  and flame j e t  d r i l l i n g  equipment. 
This  w i l l  be done by a t t a c h i n g  t h e  prime mover/generator 
sets t o  a n  SCR d i s t r i b u t i o n  system. This  concept  i s  t h e  
m o s t  e f f i c i e n t  method o f  t r a n s f e r r i n g  and a s s i g n i n g  
t o t a l  a v a i l a b l e  horsepower from t h e  prime movers t o  t h e  
v a r i o u s  component motors.  Each prime mover d r i v e s  an  AC 
a l t e r n a t o r .  The o u t p u t  of a l l  a l t e r n a t o r s  i s  combined 
on a common AC bus,  which f e e d s  t h e  SCR b r i d g e s  and 
swi tchgear .  This  makes t h e  t o t a l  o u t p u t  of a l l  prime 
movers on l i n e  a v a i l a b l e  t o  any SCR b r idge .  Each SCR 
b r i d g e  supplies t h e  a s s igned  DC m o t o r s ,  a l lowing  c o n t r o l  
of each motor from 0% t o  1 0 0 %  o u t p u t .  
The equipment used i n  t h i s  concept  i s  a l l  s t a n d a r d  
o i l  f i e l d  equipment t h a t  r e q u i r e s  no m o d i f i c a t i o n .  I t  
does,  however, r e q u i r e  an expanded c o n t r o l  system because 
of t h e  a d d i t i o n a l  motors of t h e  f l a m e  j e t  system. 
The b a s i c  components of t h e  system are: 
4 - C a t e r p i l l a r  D398 Diesel Generator  S e t s ,  60  H Z ,  
1 2 0 0  RPM w i t h  f a n ,  565 KW cont inuous  s e r v i c e  
1 - SCR System inc lud ing  b r i d g e s ,  t r ans fo rmers ,  
c i r c u i t  b reake r s ,  c o n t r o l s ,  e tc .  
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Cable t r a y s ,  walkways, e’nclosures ,  e tc .  
Est imated C o s t :  $ 1 , 2 0 0 , 0 0 0  
Fue l  System 
One c e n t r a l  f u e l  system w i l l  be used t o  supply f u e l  
t o  both  t h e  prime movers and t h e  flame j e t  burners .  A s  
p r e v i o u s l y  s p e c i f i e d ,  No. 2 f u e l  o i l  w i l l  be used.  
M a x i m u m  f u e l  consumption ra tes  are  e s t ima ted  t o  be 135 
g a l / h r .  du r ing  t r i p p i n g  o p e r a t i o n s  and 4 0  t o  4 7  g a l / h r .  
du r ing  flame j e t  d r i l l i n g  o p e r a t i o n s .  When t r i p p i n g ,  an 
average  of  1 4  t o  1 6  hours  w i l l  be r e q u i r e d  f o r  making a 
round t r i p  from t h e  d e e p e s t  ho le .  This  w i l l  r e q u i r e  a 
minimum of 1500 g a l l o n s  of  f u e l .  When flame j e t  
d r i l l i n g ,  a m i n i m u m  of  7 0 0  g a l l o n s  of f u e l  w i l l  be 
r e q u i r e d  i f  t h e  r i g  o p e r a t e s  1 5  hours  p e r  day. Consider- 
i n g  t h e s e  f a c t o r s ,  one 9 0 0 0  g a l l o n  f u e l  t ank  s i m i l a r  t o  
t h a t  i n  F i g u r e  25 w i l l  be r e q u i r e d .  
Est imated C o s t :  One Fuel  Tank - $ 1 1 , 0 0 0  
Fuel  Pumps - $ 2 , 0 0 0  
Miscel laneous Components 
The miscellaneous components consist of a series of 
too ls  and components used w i t h  e i t h e r  d r i l l i n g  system. 
They are s t a n d a r d  o i l  f i e l d  components and w i l l  need 
l i t t l e  o r  no mod i f i ca t ion .  
Est imated C o s t :  F i r e  F i g h t i n g  Equipment - $ 2 0 , 0 0 0  
Hand Tools - 8 , 0 0 0  
Tool House - 2 0 , 0 0 0  
W i r e  Line System - 1 2 , 0 0 0  
Rig L i g h t s  - 2 0 , 0 0 0  
Welding Tools - 5,000 
Other - 30,000 
Tota l  $ 1 1 5 , 0 0 0  
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2 .  U m b i l i c a l  System 
T h e  purpose of  t h e  umbi l i ca l  system i s  t o  t r a n s f e r  
t h e  working f l u i d s  f o r  f lame j e t  d r i l l i n g  f r o m  t h e  s u r f a c e  
system t o  t h e  down ho le  burner  system, and t o  provide  a 
p h y s i c a l  and e lec t r ica l  c o n t r o l  l i n k  between these two 
elements .  I t  i s  used on ly  f o r  f lame j e t  d r i l l i n g  opera-  
t i o n s .  The main components of t h i s  system are: 
Umbilical  
T ranspor t a t ion  R e e l s  
Winching Mechanism 
A u x i l i a r y  Components 
Umbil ical  Guide S t r u c t u r e  
Sl ip/Grab Mechanism 
F i s h i n g  Tools 
Most of these components do n o t  e x i s t  i n  t h e  form needed 
f o r  t h i s  t ype  of o p e r a t i o n .  Thus a d e s i g n  and t es t  program 
w i l l  be r e q u i r e d .  
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Umbil ical  
The umbilical i s  t h e  main component of t h e  umbi l i ca l  
system. I ts  f u n c t i o n  i s  t o  provide  a means f o r  t r a n s p o r t -  
i ng  a i r ,  oxygen, f u e l ,  and w a t e r  from t h e  s u r f a c e  t o  t h e  
down h o l e  burner  system. I n  a d d i t i o n ,  it must provide  a 
p h y s i c a l  means f o r  t r a n s m i t t i n g  e lec t r ica l  c o n t r o l  s i g n a l s  
and a c t  a s  a mechanical l i n k  between t h e  t w o  systems. 
The des ign  of  t h i s  component i s  extremely complex 
because of t h e  number of p h y s i c a l  c o n s t r a i n t s  placed upon 
it. Abrasion r e s i s t a n c e  i s  t h e  f i r s t  of these c o n s t r a i n t s .  
Because of  t h e  a b r a s i v e  n a t u r e  of t h e  w e l l  bo re ,  and t h e  
f l o w  of rock p a r t i c l e s  up t h e  w e l l  bore ,  t h e  e x t e r i o r  
s u r f a c e  of t h e  umbi l i ca l  w i l l  be c o n s t a n t l y  exposed t o  an  
a b r a s i v e  a c t i o n .  T h i s  a c t i o n  becomes p a r t i c u l a r l y  
pronounced when t h e  umbi l i ca l  i s  t r i p p e d  i n t o  o r  o u t  of  a 
deep, d e v i a t e d  w e l l .  During t h i s  o p e r a t i o n  t h e  u m b i l i c a l  
i s  moved r a p i d l y  across t h e  i n s i d e  r a d i u s  of  t h e  w e l l  
d e v i a t i o n  curve .  T h e  rubbing of t h e  umbi l i ca l  a g a i n s t  t h e  
w a l l  s u r f a c e  w i l l  cause  excess ive  a b r a s i v e  a c t i o n .  Thus, 
one requirement  of  t h e  umbi l i ca l  i s  t h a t  i t s  o u t e r  s u r f a c e  
be a b r a s i v e  r e s i s t a n t ,  o r  t h a t  it i s  he ld  o f f  t h e  w e l l  
w a l l  by some type  of s a c r i f i c i a l  element.  
Another des ign  c o n s t r a i n t  i s  t h e  h igh  environment 
temperature .  Regardless  of  which environment tempera ture  
cu rve  (F igure  2 0 )  i s  used,  t h e  u m b i l i c a l  w i l l  see 
tempera tures  of 200°F o r  h ighe r .  Although many hoses  are  
designed f o r  o p e r a t i n g  a t  200°F t o  250°F, t h e i r  o p e r a t i n g  
c h a r a c t e r i s t i c s  drop  off r a p i d l y  above t h e s e  tempera tures .  
F l e x i b i l i t y  i s  another  d e s i g n  requirement .  Regardless  
of t h e  system chosen (hose,  p i p e ,  e t c . ) ,  the  system must be 
capab le  of being t r a n s p o r t e d  t o  and from t h e  w e l l  s i t e ,  and 
it must be capable  of being handled a t  t h e  well s i te .  
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System s t r e n g t h  character is t ics  must a l s o  be 
cons idered .  I n  a l l  p r o b a b i l i t y ,  t h e  chosen system w i l l  
be hung from t h e  s u r f a c e  i n t o  t h e  ho le .  This  concept  
r e q u i r e s  h igh  t e n s i l e  load c a r r y i n g  c a p a b i l i t y  i n  t h e  
u m b i l i c a l ,  p a r t i c u l a r l y  when deep hole  o p e r a t i o n s  are  
involved.  T h i s  problem i s  compounded by t h e  f a c t  t h a t  
most hoses are  n o t  designed t o  be hung by one end. Under 
t h e s e  c o n d i t i o n s  t h e  hose wrappings tend  t o  s e p a r a t e .  
This  i s  p a r t i c u l a r l y  t r u e  where t h e  end connec tor  g rabs  
on to  t h e  hose. I n  a d d i t i o n ,  b u r s t  s t r e n g t h  of t h e  
umbi l i ca l  must a l s o  be cons idered  because of s o m e  of t h e  
f l u i d  p r e s s u r e s  involved.  These l o a d s  can momentarily be 
ve ry  h igh  i f  t h e  f l u i d s ,  when f lowing ,  are  stopped r a p i d l y  
due t o  t h e  c l o s i n g  of a c o n t r o l  va lve ,  o r  t h e  l i k e ,  i n  t h e  
down h o l e  burner  system. Consider ing t h e  h igh  t e n s i l e  
load and p o t e n t i a l l y  h igh  b u r s t  p r e s s u r e  load ,  it w i l l  be 
necessary  t o  t a k e  i n t o  account  t h e  combined stress load  
when des ign ing  t h e  system. 
T h e  effects  of oxygen, p a r t i c u l a r l y  a t  h igh  temper- 
a t u r e s ,  must be cons idered  when chosing mater ia ls .  Most 
materials react n e g a t i v e l y  t o  t h i s  e lement .  T h i s  i s  
p a r t i c u l a r l y  t r u e  of many s y n t h e t i c  mater ia ls .  Although 
o n l y  one l i n e  w i l l  be exposed t o  an  air /oxygen mix tu re ,  
t h e  o u t e r  s u r f a c e  of t h e  umbilical w i l l ,  a t  h igh  temper- 
a t u r e ,  be exposed t o  combustion gases, s t e a m ,  and a s m a l l  
amount of unburned oxygen. I n  e i t h e r  c a s e ,  t h e  oxygen 
e f fec t  on t h e  umbilical w i l l  be d e s t r u c t i v e .  
I n  a d d i t i o n  t o  t h e s e  d e s i g n  problems, a ve ry  
s i g n i f i c a n t  manufacturing problem e x i s t s .  Most hoses  of 
t h e  type  r e q u i r e d  f o r  t h i s  system are  manufactured i n  
s h o r t  l e n g t h s  of 2 5 0 '  t o  5 0 0 '  o r  less. Thus s p e c i a l ,  and 
probably very  expensive,  manufactur ing p rocesses  must be 
developed. Conversat ion w i t h  manufacturers  of hoses 
i n d i c a t e s  t h a t  t h i s  may be a c r i t i c a l  problem. 
7 2  
Other problems of concern i n c l u d e  t h e  des ign  of hose 
connec to r s  t h a t  can e f f e c t i v e l y  g r a b  on to  a hose t h a t  i s  
hung i n  t e n s i o n ,  t h e  d e s t r u c t i v e  e f fec t  on t h e  umbi l i ca l  
of t h e  s l i p  mechanism when it i s  closed i n  an  emergency, 
t h e  e x t e r n a l  c o n f i g u r a t i o n  des ign  of t h e  umbi l i ca l  so 
t h a t  a b l adde r  type  BOP can be c losed  on i t  i n  an  
emergency, e tc .  These problems and t h e  o t h e r s  s t a t e d  
above are s o m e  of  t h e  main problems t o  be cons idered  i n  
t h i s  des ign .  Others  w i l l  occur  a s  t h e  d e s i g n  p rogres ses .  
When determining t h e  a c t u a l  conceptua l  d e s i g n  of t h e  
system, several concepts  w e r e  cons ide red ,  a s  noted i n  
F igu re  2 6 .  The f i rs t  concept  c o n s i s t s  of  a series of 
c o n c e n t r i c  hoses .  The annu la r  area between t h e  d i f f e r e n t  
hoses would be used t o  c a r r y  t h e  d i f f e r e n t  f l u i d s  r e q u i r e d .  
Water would be carried i n  t h e  o u t e r  annulus  t o  assist i n  
c o o l i n g  t h e  i n n e r  hoses.  The main load c a r r y i n g  m e m b e r  w a s  
cons idered  t o  be a s teel  c a b l e  l o c a t e d  i n  t h e  c e n t e r  of t h e  
u m b i l i c a l .  This  i d e a  w a s ,  however, d i sca rded  because of 
t h e  l a r g e  diameter of cable r e q u i r e d  ( 3 "  o r  more i n  t h e  
upper u m b i l i c a l  s e c t i o n s )  and t h e  f ac t  t h a t  when t h e  
u m b i l i c a l  w a s  wrapped on a reel  and under h igh  end load ,  
t h e  steel c a b l e ,  being i n  t h e  c e n t e r  of t h e  hose and n o t  on 
a s o l i d  s u r f a c e ,  would t end  t o  c r u s h  t h e  hoses beneath i t .  
To e l i m i n a t e  t h i s  problem, t h e  load  c a r r y i n g  member was 
t r a n s f e r r e d  t o  t h e  o u t e r  s u r f a c e  of t h e  umbilical .  A 
heavy skeel wrapped hose similar t o  those made by Cof l ex ip  
i n  France would be used f o r  t h i s  member. 
To p r o t e c t  t h e  u m b i l i c a l  f r o m  a b r a s i o n  damage, t h e  
o u t e r  s u r f a c e  would be covered wi th  a s ac r i f i ca l  shea th ing  
a long  wi th  o i l  f i e l d  type  rubber  guards .  The shea th ing  
and rubber  guards  would be replaced as r e q u i r e d .  
S e c t i o n  l e n g t h s  of t h i s  des ign  would be based upon 
manufacturing problems, bend r a d i u s  of t h e  u m b i l i c a l  a s  i t  
7 3  
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a f f e c t s  t h e  d e s i g n  of t h e  t r a n s p o r t a t i o n  reels ,  and t h e  
a c c e p t a b l e  load  c a r r y i n g  c a p a c i t y  of t h e  t r a n s p o r t a t i o n  
reels.  Each s e c t i o n  would be te rmina ted  w i t h  a male o r  a 
female connec tor .  I n  t h i s  p a r t i c u l a r  concept ,  des ign ing  
t h e  mechanism t h a t  at taches t h e  connec tor  t o  t h e  i n d i v i d u a l  
c o n c e n t r i c  hoses may be v e r y  d i f f i c u l t  because of t h e  
r e q u i r e d  t e n s i l e  loads t h a t  must be cons idered  and t h e  
c o n f i g u r a t i o n  o f  t h e  u m b i l i c a l .  
The second umbi l i ca l  c o n f i g u r a t i o n  i s  somewhat s i m i l a r  
t o  t h e  f i r s t  except  t h a t  t h e  i n n e r  hoses  a r e  bundled 
t o g e t h e r  as  opposed t o  a c o n c e n t r i c  c o n f i g u r a t i o n .  A l l  of 
t h e  problems of t h e  f i rs t  umbilical  des ign  a re  a l so  p r e s e n t  
i n  t h i s  c o n f i g u r a t i o n .  I ts  advantage l i e s  i n  t h e  f a c t  t h a t  
it may be somewhat less expensive than  t h e  f i r s t  because 
t h e  i n n e r  hoses  may be c l o s e r  i n  s i z e  t o  s t anda rd  hoses .  
I n  a d d i t i o n ,  t h e  hoses  may r e q u i r e  less m a t e r i a l ,  which 
would reduce t e n s i l e  loads on t h e  system and reduce t h e  
overa l l  cost .  I t  may a l s o  be easier t o  manufacture.  
The t h i r d  c o n f i g u r a t i o n  i s  a LASL concept  and c o n s i s t s  
of  u s ing  t h e  d r i l l  s t r i n g  as t h e  load  c a r r y i n g  member and 
s t r a p p i n g  t h e  e x t r a  f l u i d  c a r r y i n g  l i n e s  t o  i t s  s i d e  a s  i t  
i s  t r ipped  i n t o  t h e  ho le .  T h i s  w o u l d  e l i m i n a t e  t h e  t ens i le  
load  problem of t h e  e x t e r n a l  hoses .  However, t h i s  d e s i g n  
could  ampl i fy  t h e  a b r a s i o n  problem by c o n s t a n t l y  rubbing 
t h e  e x t e r n a l  hoses a g a i n s t  t he  w e l l  w a l l .  Advantages of 
t h i s  des ign  would be t h e  s i m p l i f i c a t i o n  of t h e  hose 
connector  problem because each hose would have i t s  own 
i n d i v i d u a l  connec tor .  F u r t h e r ,  t h e  hoses would a l l  approach 
s t anda rd  hoses i n  des ign ,  which would reduce  manufactur ing 
c o s t s  and o v e r a l l  hose cos t .  
A major advantage of t h i s  des ign  is t h a t  t h e  h o i s t i n g  
equipment f o r  t h i s  system i s  a l r e a d y  a v a i l a b l e  i n  t h e  form 
of t h e  r o t a r y  d r i l l i n g  r i g .  I f  t h e  umbi l i ca l  systems of t h e  
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f i r s t  t w o  des igns  i s  used,  ve ry  expensive h o i s t i n g  
equipment must be developed<. 
A d e r i v a t i o n  of t h i s  des ign ,  a s  conceived by Linde 
Div i s ion  of Union Carbide,  u t i l i z e s  c a s i n g  c u t  i n  h a l f  and 
p laced  around t h e  hose bundle.  T h i s  would p r o t e c t  t h e  
hoses  f r o m  a b r a s i o n  and e l i m i n a t e  t h e  load  problem, as  t h e  
hose bundle would be mechanical ly  a t t a c h e d  t o  t h e  c a s i n g .  
The c a s i n g  sides and end connec tors  would n o t  have t o  be 
leak-proof as  t h e  on ly  purpose of t h e  c a s i n g  i s  t o  c a r r y  
t h e  hose l o a d  and p r o t e c t  t h e  hose bundle from ab ras ion .  
The s p l i t  c a s i n g  s e c t i o n s  would be p laced  around t h e  hose 
bundle  a s  it i s  lowered i n t o  t h e  ho le .  
The f o u r t h  c o n f i g u r a t i o n  i s  a d e r i v a t i o n  of  ei ther t h e  
f i r s t  o r  t h e  second des ign .  T h i s  des ign  i n c o r p o r a t e s  
f l o t a t i o n  modules i n  t h e  umbi l i ca l  t o  reduce  o r  e l i m i n a t e  
t h e  t e n s i l e  l oad  problem. T h i s  concept  w i l l  work anly if 
t h e  h o l e  i s  f looded  w i t h  w a t e r ,  and a plasma arc  type  rock  
h e a t i n g  d e v i c e  i s  developed t o  produce t h e  s p a l l i n g  a c t i o n .  
A major drawback t o  t h i s  des ign  i s  t h e  problem of l o s t  
c i r u c u l a t i o n  i n  h i g h l y  f r a c t u r e d  g e o l o g i c a l  zones. L o s t  
c i r c u l a t i o n  obvious ly  nega te s  t h e  f l o t a t i o n  concept .  I n  
f l a m e  j e t  a p p l i c a t i o n s  such as  w a s t e  d i sposa l  cave rns  or  
where f r a c t u r e d  zones are plugged, t h i s  concept  may have 
some m e r i t .  
Consider ing the  m e r i t s  and problems of a l l  of t h e  above 
systems,  t h e  second concept  s h a l l  be used i n  t h i s  r e p o r t .  
The s e l e c t i o n  i s  based on t h e  f a c t  t h a t  it i s  s impler  and 
probably less expensive t h a n  t h e  f i rs t  des ign ,  and it i s  
f a r  more p r o t e c t i v e  of t h e  hoses  involved than  t h e  t h i r d  
des ign .  I t  should be noted,  however, t h a t  t h e  Linde 
d e r i v a t i o n  of t h e  t h i r d  des ign  i s  q u i t e  i n t e r e s t i n g  and 
war ran t s  f u r t h e r  a n a l y s i s .  
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Having s e l e c t e d  an  umbi l i ca l  d e s i g n  and knowing t h e  
r a t i o s  of a i r  and/or oxygen t o  f u e l ,  i t  becomes necessary  
t o  de te rmine  t h e  volume o f  boos t  a i r  r e q u i r e d  t o  supplement 
t h e  volume of combustion g a s e s  and steam so t h a t  rock c h i p s  
can be e f f e c t i v e l y  l i f t e d  t o  t h e  s u r f a c e .  This  i s  
accomplished by f i r s t  determining t h e  volume of combustion 
g a s e s  and s t e a m  produced, and then  s u b t r a c t i n g  t h e s e  v a l u e s  
from accepted  s t a n d a r d s  of  a i r  volume r e q u i r e d  t o  l i f t  t h e  
c h i p s  t o  t h e  s u r f a c e .  A f t e r  t h e s e  v a l u e s  have been 
determined,  it w i l l  be p o s s i b l e  t o  concep tua l ly  d e s i g n  t h e  
u m b i l i c a l .  
A s  p rev ious ly  s t a t e d ,  N o .  2 f u e l  i s  a blend of v a r i o u s  
p roduc t ion  runs .  Thus no s p e c i f i c  formula i s  a v a i l a b l e  t o  
chemica l ly  d e f i n e  it. 
used f o r  a n a l y t i c a l  purposes  i n  t h i s  s tudy .  
Consider ing t h i s  f a c t ,  C8H18 w i l l  be 
V o l u m e  of Combustion Gases - 1 0 0 %  Air /Fuel  Process 
Combustion Equation: 
+ 12.502 + 47.2J!J2 = 9H20 + 8C02 + 4 7 . 2 N 2  ‘SH18 
R e l .  W t s . :  1 1 4  + 4 0 0  + 1322 = 1 6 2  + 352 + 1322 
Wt/lb Fuel :  1 + 3.51 + 1 1 . 6  = 1 . 4 2  + 3.09 + 1 1 . 6  
Weight of  Fue l :  
s. g .  of C8H18 = .703 
1 g a l  C8H18 = ( . 7 )  (8.357) = 5.85 l b s  
Fuel  Required: 
From s p e c i f i c a t i o n s  - 4 0  g a l / h r  
Fuel  req. lbs/min = ( 4 0 ) ( 5 * 8 5 )  = 3-90  lbs/min 
6 0  
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A i r  Required: 
A i r  r eq .  lbs/min = (3.90) (3 .51  + 1 1 . 6 )  = 58.9 lbs/min 
1 l b  a i r  @ 60°F and atmo. p r e s s .  = 13.10 f t  
3 
3 3 
A i r  r e q .  f t  /min = (58.9) (13.10) = 773 f t  /min 
For Combustion Process  U s e :  
Fuel  - . 6 6 7  gal/min 
A i r  - 773 f t  /min 3 
Volume of Combustion Gases: 
Assume combustion p r o p e r t i e s  - 3300OF (3760'R) 
- 2 4 0  p s i  (254.7 p s i a )  
A s s u m e  Univ. G a s  Const . ,  Ro - 1545 
3.09 
3 V = 89.2 f t  /lb of f u e l  
From above, 3.90 l b s  f u e l  used p e r  min 
Therefore ,  (89.2) (3.90) = 347.9 f t  /min 3 
A s  t h e  volume of combustion g a s e s  rises through t h e  
w e l l  bore ,  it w i l l  c o o l ,  be under less h o l e  p r e s s u r e ,  
and e n t e r  i n t o  l a r g e r  w e l l  b o r e  areas. Thus it w i l l  
undergo a volume change. This  w i l l  be computed as  
f o l lbws  : 
2v2 - _ -  
rn rn 
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Because, as p r e v i o u s l y  n o t e d , , t h e  q u e s t i o n  of  t r u e  
bore  h o l e  tempera ture  has  been r a i s e d ,  t h i s  
computation s h a l l  be made cons ide r ing  both  sets of 
tempera tures .  
Assume - P1 = 2 4 0  p s i  (254.7 p s i a )  
= 3300'F (3760OR) - T1 
- v1 = 347.9 f t  3 
- W e l l  bore  d iameter  i n c r e a s e  n o t  cons idered  
- Temperature T 2 w i l l  be o h t a i n e d  from 
Curves C and D ,  F igu re  20 
Volume Change - See Table  6 
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C 
Curve C 
Temperature  I P r e s s u r e  I Volume 
Hole 
Depth 
f t  
Curve D 
Temperature  I P r e s s u r e  I Volume 
2 , 000 
4 , 000 
6,000 
8 ,000  
00 
0 
10,000 
1 2  , 000 
1 4  , 000 
COMBUSTION PRODUCTS 
100% AIR/FUEL 
VOLUME CHANGE 
T a b l e  6 
80 54 0 40 319 
100 560 50 2 64 
1 3  0 590 65 214 
1 5 5  61  5 80 181 
180 64 0 100  1 5 1  
200 660 120 130 
260 720 1 4  5 117 
158 618 40 3 64 
216 67 6 50 319 
266 726 65 2 64 
3 24 7 84 80 231 
3 92 852 100 2 01 
4 68 928 120 1 8 3  
5 54 1014 14 5 1 6 5  
(1) R e f . :  - Angel, R . R . ,  "Volume Requirements  f o r  A i r  and Gas D r i l l i n g " ,  SPE-TP-4679, O c t . ,  1957. 
- A l l  p r e s s u r e  v a l u e s  doubled t o  compensate  f o r  h e a v i e r  c h i p  we igh t .  
V o l u m e  of Combustion Gases - 1 0 0 %  Oxygen/Fuel Process 
Combustion Equat ion:  
+ 12.502 = 9 H 2 0  + 8C02 
R e l .  W t s . :  1 1 4  + 400  = 1 6 2  + 352 
Wt/lb Fuel :  1 + 3.51 = 1 . 4 2  + 3.09 
‘gH18 
0 Weight of  Fuel :  
s.  g .  of C8H18 = .703 
1 g a l  C8H18 = ( . 7 )  (8.357) = 5.85 l b s  
Fuel  Required: 
From s p e c i f i c a t i o n s  - 4 7  g a l / h r  
Fue l  r e q .  lbs/min = ( 4 7 ) ( 5 * 8 5 )  = 4-58 lbs/min 
60  
Oxygen Required: 
Oxygen r eq .  lbs/min = (4 .58)  (3.51) = 1 6 . 0 8  lbs/min 
1 l b  oxygen @ 6OoF and atmo. press. = 11.834 f t  
Oxygen r eq .  f t  /min = (16.08) (11.834) = 1 9 0 . 2 9  f t  b i n  
3 
3 3 
For Combustion Process U s e :  
Fue l  - .783 gal/min 
Oxygen - 190.29 ft3/min 
Volume of Products  of Combustion: 
A s s u m e  combustion p r o p e r t i e s  - 4300OF ( 4 7 6 0 O R )  
- 2 4 0  p s i  (254.7 p s i a )  
A s s u m e  Univ. G a s  C o n s t . , ’  RO - 1545 
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wROT 
v = -  
P 
(254.7) ( 1 4 4 )  
3 V = 2 9 . 8 7  f t  / l b  of f u e l  
From above, 4 .58  l b s  f u e l  used p e r  min 
Therefore ,  ( 2 9 . 8 7 )  (4 .58)  = 136.8 f t  / min 3 
A s  t h e  volume of combustion g a s e s  rises through t h e  
w e l l  bore ,  it w i l l  c o o l ,  be under less h o l e  p r e s s u r e ,  
and e n t e r  i n t o  l a r g e r  w e l l  bore  a r e a s .  Thus it w i l l  
undergo a volume change. This  w i l l  be computed a s  
fo l lows :  
Because, as  p rev ious ly  noted ,  t h e  q u e s t i o n  of  t r u e  
bore  h o l e  tempera ture  has been r a i s e d ,  t h i s  
computation s h a l l  be made c o n s i d e r i n g  both  sets of 
tempera tures .  
Assume - P1 = 2 4 0  psi (254.7 ps ia )  
= 4300OF ( 4 7 6 O O R )  - T1 
3 - V1 = 136.8 f t  
- W e l l  bore  d iameter  i n c r e a s e  n o t  cons idered  
- Temperature T 2  ob ta ined  from Curves C and 
D ,  F i g u r e  20 
V o l u m e  Change - See Table  7 
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COMBUSTION PRODUCTS 
100% OXYGEN/FUEL 
VOLUME CHANGE 
Curve C 
T a b l e  7 
Curve D 
~ 
Hole  
Depth 
f t  
2 , 000 
4 , 000 
6 , 0 0 0  
8 , 000 
10,000 
1 2  , 000 
1 4  , 000 
m 
w 
3 f t  
8 0  54 0 40 1 2  6 
100 560 5 0  1 0 4  
13 0 590 65 84 
1 5 5  61 5 8 0  7 1  
1 8  0 64 0 100 60 
2 00 660 1 2 0  5 1  
2 60 720 14 5 46  
1 5 8  61 8 40 144 
2 1  6 67 6 50 126 
266 7 2 6  65 1 0 4  
3 24 7 84  8 0  9 1  
3 92 852 100 7 9  
4 68 928 1 2 0  72 
554 1014 14 5 65 
(1) R e f . :  - Angel, R .  R . ,  "Volume Requi rements  f o r  A i r  and Gas D r i l l i n g " ,  SPE-TP-4679, Oct . ,  1 9 5 7 .  
- A l l  p r e s s u r e  v a l u e s  doubled t o  compensate  f o r  h e a v i e r  c h i p  we igh t .  
I 
Volume of  S team - 1 0 0 %  Air /Fuel  and .100% Oxygen/Fuel Processes 
I t  w i l l  be assumed t h a t  t h e  f low ra te  of water  i s  t h e  
same i n  both  processes .  Thus t h e  volume of steam produced 
w i l l  be dependent upon h o l e  p r e s s u r e  and tempera ture .  
Because, as  p rev ious ly  noted ,  t h e  q u e s t i o n  of h o l e  tempera ture  
has  been r a i s e d ,  t h i s  computation s h a l l  be made cons ide r ing  
both  sets of tempera ture .  
Assume - Flow ra te  of water = 20 gpm 
- 1 g a l  w a t e r  = 8.357 l b s  
- Flow r a t e  = ( 2 0 )  (8.357) = 1 6 7 . 1  lbs/min 
- Temperature w i l l  be ob ta ined  from Curves C and 
D ,  F igu re  20  
Volume of  Steam - See Table  8 
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c 
Hole 
Temp. 
O F  
VAPORIZATION OF COOLING WATER 
VOLUME OF STEAM 
S a t .  Steam 
(3 )  Vapor ( 2 )  Vol . 
3 f t  3 f t  
T a b l e  8 
Temp. 
O F  
Hole 
-Depth 
f t  
( 2 )  V O l .  ( 3 )  Vapor 
3 f t  
3 
f t  
Hole  
P r e s s .  
p s  i a  
1 S a t u r a t i o n  I 
(1) Temp. 
O F  
Curve C 
Hole  I S a t .  I Steam 
2 , 0 0 0  4 0  2 68 
4 , 0 0 0  5 0  2 8 1  
6 , 0 0 0  65 2 98 
8 , 0 0 0  8 0  312 
10,000 100  328 
1 2  , 000 1 2 0  3 4 1  
co 
u1 
1 4 , 0 0 0  1 4  5 355 
- 1 5 8  - 
216 - 
266 
324 5 . 6  93 6 
392 4 . 9  8 1 9  
4 68 4 . 5  7 5 2  
558 4 . 0  668 
- 
- - 
Ref: (1) Keenan, J .  H . ,  and Keyes, F .  G . ,  Thermodynamic P r o p e r t i e s  of S t e a m ,  John Wiley & Sons, 1 9 5 1 .  
( 2 )  S p e c i f i c  Vol. of 1 l b .  of S a t u r a t e d  Vapor 
( 3 )  Steam Vol. = S p e c i f i c  Volume x Water Flow Rate ( 1 6 7 . 1  l b s /min )  
V o l u m e  of  Boost A i r  
The volume of boos t  a i r  r e q u i r e d  t o  e f f e c t i v e l y  l i f t  
t h e  rock  c h i p s  t o  t h e  s u r f a c e  w i l l  be determined by 
s u b t r a c t i n g  t h e  produced volumes of steam and combustion 
g a s e s  from t h e  minimum t h e o r e t i c a l  volumes of r e q u i r e d  
c i r c u l a t i o n  a i r .  The minimum volumes are based on t h e  
equat ion:  
Q = Qo + N x H 
Q = Req. SCFM 
Q o  = Base SCFM 
N = D r i l l i n g  Rate  F a c t o r  
H = Depth F a c t o r  
T h i s  equa t ion  c o r r e c t s  t h e  assumed s t a n d a r d  a i r  l i f t  v e l o c i t y  
of 3000  f t /min  t o  compensate f o r  d r i l l i n g  p e n e t r a t i o n  r a t e  
i n c r e a s e s  and h o l e  depth .  I n  h o l e s  t o  1 0 , 0 0 0  f t .  depth  and 
l a r g e r  t han  6-1/4 i n . ,  t h e  equa t ion  may have an e r r o r  of up 
t o  7%.  When us ing  t h i s  equa t ion ,  h o l e  d iameter  m u s t  a l s o  be 
cons ide red .  
I n  view of t h e  above, and t h e  h o l e  c o n f i g u r a t i o n  of 
Figure 1 7 ,  boost a i r  volumes w e r e  determined a s  noted i n  
Table 9. Table 9 e v a l u a t e s  boos t  a i r  f o r  bo th  g e n e r i c  w e l l  
models and f o r  two d i f f e r e n t  sets of c o n d i t i o n s  f o r  each 
model. C a s e  1 r e l a t e s  t o  a 1 0 0 %  a i r / f u e l  system and w e l l  
bore  tempera tures  of Curve C ,  F i g u r e  20.  Case 2 relates t o  
a 1 0 0 %  oxygen/fuel system and w e l l  bore  tempera tures  of 
Curve D ,  F i g u r e  20 .  Hole > c h a r a c t e r i s t i c s  a r e  d e f i n e d  f o r  
each w e l l  model. These c h a r a c t e r i s t i c s  i n c l u d e  w & l l  d iameter  
for  both  cased h o l e  and open h o l e  c o n d i t i o n s ,  and c i r c u l a t i o n  
a i r  r e q u i r e d .  C i r c u l a t i o n  a i r  is  d iv ided  i n t o  two columns. 
The f i r s t  column s ta tes  a i r  requi rements  f o r  both t h e  cased  
and open h o l e  d i ame te r s  of  approximately 1 2 . 5  i n .  The 
second column r e l a t e s  t o  a i r  requi rements  f o r  bo th  t h e  cased  
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e 
Boost A i r  
Required 
f t  3 lmin  13 f t  fmin 
BOOST A I R  VOLUME REQUIRED 
Hole Steam Comb. T o t a l  
Temp. Vol.  Gas S t .  h 
Vol. Comb. 
3 
O F  f t  f t 3  f t  
Hole C h a r a c t e r i s t i c s  
Depth P r e s s .  Ci rc .  A i r  1 I '1 Required Condi t ion  
Gener ic  W e l l  Model No. 1 
2,000 40 1 ,960  
4,000 50 2,220 
6,000 65 2,480 
8,000 80  2,740 
12.61" I D  Cas .-2,493 ' 
10,000 100 3,000 
12.51" Hole-11,616' 
8.83" I D  Cas . - l l ,578 '  
co 12,000 120  2,167 
14,000 145 2,395 4 
8.75" Hole-l5,289'  
Gener ic  W e l l  Model No. 2 
2,000 40 1 ,960  
4,000 50 2,220 
6,000 65 2,480 
8,000 80  2,740 
12.35" I D  Cas.-2,552' 
10,000 1oc 3,000 
12.23" Hole-10,791' 
8.83" I D  Cas.-10,374' 
12,000 120  2,167 
14,000 145  2,395 
8.7 5" Hole-13,933 ' 
Case 1 
Comb. T o t a l  
Gas 1 S t .  h 
Vol. Comb. 
f t 3  1 f t 3  
80 - 319 319 1 ,641  
100 - 264 264 1 ,956  
130  - 214 214 2,266 
155  - 1 8 1  1 8 1  2,559 
180 - 151  151 2,849 
200 - 130 130 03 
260 - 117 117 2,278 
80  - 319 319 1 ,641  
100  - 264 264 1 ,956  
130  - 214 214 2,266 
155  - 1 8 1  181  2,559 
180  - 1 5 1  1 5 1  2,489 
200 - 130 130 
260 - 117 1 1 7  
2,037 
2,278 
Boost A i r  
Requi red  
f t  fmin  f t  lmin  l 3  
158 - 1 4  4 144 1 ,816  
216 - 126 126  2,094 
266 - 104 104 2,376 
324 936 91 1 ,027  1 ,713  
392 819 79 1 ,598  1 ,402  
468 752 72 824 ,343  
554 668 65 733 1 ,662  
158  - 144 144 1 ,816  
216 - 126 1 2 6  2,094 
266 - 104 104 2,376 
324 936 91 1 ,027  1 ,713  
392 819 79 1 ,598  1 ,402  
72 a 2 4  468 752 
554 668 65 733 
1 ,343  
1 ,662  
(1) Ref.: Angel, R. R . ,  "Volume Requirements for  A i r  and Gas D r i l l i n g " ,  SPE-TP-4679, Oct., 1957 
and open h o l e  d iameters  of approximately 8.8 i n .  I n  Case 1 
and Case 2 boos t  a i r  requi rements  a re  s i m i l a r l y  s ta ted.  
Steam and combustion gas  volumes are  taken  from Tables  6 ,  7 ,  
and 8 as r e q u i r e d .  
Evalua t ion  of  Table  9 i n d i c a t e s  t h a t  l a r g e  volumes of 
boos t  a i r  are  r equ i r ed .  I n  C a s e  1, t h e  c o o l i n g  w a t e r  does  
n o t  t u r n  t o  s t e a m  because of t h e  l o w  hole  tempera ture  and 
moderate h o l e  p r e s s u r e  t h a t  keeps t h e  water below t h e  
r e q u i r e d  s a t u r a t i o n  tempera ture  f o r  steam. Thus t h e  on ly  
l i f t i n g  f l u i d  a v a i l a b l e  i s  t h e  combustion gases. I n  C a s e  2 ,  
bottom h o l e  tempera tures  and p r e s s u r e s  a r e  such t h a t  t h e  
w a t e r  does  t u r n  t o  steam. However, above t h e  6 0 0 0  f t .  l e v e l  
these c o n d i t i o n s  f a l l  below t h e  s a t u r a t i o n  tempera ture  f o r  
steam, and t h e  steam condenses o u t .  Under e i t h e r  c o n d i t i o n ,  
i n s u f f i c i e n t  f l u i d  volume i s  p r e s e n t  even when cons ide r ing  
t h e  volume of combustion gases a v a i l a b l e  t o  e f f e c t i v e l y  l i f t  
t h e  c h i p s .  Thus large volumes of  boos t  a i r  w i l l  be  r e q u i r e d .  
Consider ing t h e  amount of boos t  a i r  r e q u i r e d ,  flame j e t  
d r i l l i n g ,  regardless of whether a i r  o r  oxygen i s  used,  can 
m o r e  a c c u r a t e l y  be desc r ibed  as  a v e r y  complex form of a i r  
d r i l l i n g .  
I t  must be emphasized t h a t  t h e  f l u i d  volumes d i s c u s s e d  
above a r e  minimum volumes. I n  a d d i t i o n ,  t h e  volumes of  
s t e a m  and combustion products  a re  based on numerous 
assumptions.  Thus t h e  r e s u l t s  no ted  i n  Table 9 can o n l y  be 
cons idered  g e n e r a l  i n  n a t u r e  and - n o t  d e f i n i t i v e  o r  e x a c t .  
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Umbil ical  Hose Design 
From previous  s e c t i o n s  of t h i s  r e p o r t ,  t h e  volumes of 
r e q u i r e d  f l u i d s  are es t imated  t o  be: 
1 0 0 %  Air /Fuel  System 
Fue l  - . 6 6 7  gal/min 
Combustion A i r  - 773 f t  /min 3 
Water 
Boost A i r  
1 0 0 %  Oxygen/Fuel 
Fue l  
- 20 gal/min 
- 2850 f t  min 3 
System 
- . 7 8 3  gal/min 
? 
Oxygen ( G a s )  - 1 9 0  ft3/min 
Water - 20  gal/min 
Boost A i r  - 2376 f t  /min 3 
I t  shoulli be noted t h a t  t h e s e  volumes d i f f e r  somewhat from 
t h o s e  s t a t e d  i n  Sec t ion  I V  B ,  System S p e c i f i c a t i o n s .  I n  
t h o s e  s p e c i f i c a t i o n s ,  t h e  a i r  volume f o r  t h e  1 0 0 %  a i r / f u e l  
system i n c l u d e s  combustion a i r  and boos t  a i r ,  b u t  f o r  a ve ry  
sha l low h o l e  of smaller d iameter .  Thus t h e  noted d i f f e r e n c e .  
I n  t h e  1 0 0 %  oxygen/fuel s p e c i f i c a t i o n ,  t h e  oxygen requi rement  
i s  much h ighe r .  T h i s  i s  because t h e  f u e l  c h a r a c t e r i s t i i c s  are  
d i f f e r e n t  f r o m  t h o s e  used i n  t h e  a n a l y s e s  of  t h i s  r e p o r t .  
Unfor tuna te ly  t h e  o r i g i n a l  s p e c i f i c a t i o n s  could  n o t  be f u l l y  
used i n  t h e s e  a n a l y s e s  because they  d i d  n o t  c o n t a i n  s u f f i c i e n t  
in format ion  t o  de te rmine  boost a i r  f o r  t h e  w e l l  models chosen, 
needed steam c h a r a c t e r i s t i c s ,  etc.  These d i f f e r e n c e s  are n o t  
cons idered  s i g n i f i c a n t  w i t h  r ega rd  t o  t h e  main t h r u s t  o f  t h i s  
r e p o r t  . 
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The elements  of t h e  umbi l i ca l  h o s e ' c o n s i s t  o f :  
Combustion Air/Oxygen Line 
Water Line 
Fuel  Line 
Elec t r ic  Power Cable 
Elec t r ic  Communication Cable 
Boost A i r  Line 
These elements  w i l l  be packaged i n t o  an  u m b i l i c a l  accord ing  
t o  Conf igu ra t ion  B ,  F igu re  2 6 .  Each element w i l l  be 
designed i n  accordance w i t h  t h e  f l o w  ra tes  s t a t e d  above and 
t h e  des ign  c o n s t r a i n t s  p r e v i o u s l y  d i scussed .  
Combustion Air/Oxygen Line 
Consider:  2"  I D  hose 
800  SCFM a i r  @ 350 p s i  s u r f a c e  p r e s s u r e  
P r e s s u r e  Drop i n  Hose: 
CI 
.625 520 (SCFM)L P. D. = -x -  l o 5  P d5. 257  
P = Abs. P r e s s u r e  
d = Hose I D  
P .  D.  = 1 . 4 9  psi/lOO' of hose 
For 1 6 , 0 0 0  f t .  o f  hose: 
P.  D. = ( 1 . 4 9 )  ( 1 6 0 )  = 239 p s i  
P r e s s u r e  a t  bottom of hose: 
P = 350 - 239 = 111 p s i  
Water Line 
The water l i n e  s h a l l  be designed so t h a t  a f i v e  
minute  water supply w i l l  be maintained i n  t h e  hose a t  a l l  
t i m e s .  This  w i l l  l i m i t  t h e  p r e s s u r e  head developed by 
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t h e  ve r t i ca l  column of w a t e r ,  a n d . i n  t u r n  lower t h e  b u r s t  
p r e s s u r e  requi rements  of t h e  hose.  Beyond a c e r t a i n  h o l e  
dep th ,  t h i s  water column w i l l  n o t  f i l l  t h e  hose completely.  
I f  t h e  h o l e  tempera tures  r i se  above t h e  s a t u r a t i o n  
tempera ture  of t h e  w a t e r ,  t h e  w a t e r  w i l l  s t a r t  t o  vapor i ze  
a t  t h e  t o p  of t h e  water  column. When t h i s  happens, 
p r e s s u r i z a t i o n  of t h e  hose should be cons idered .  
Consider:  1 - 1 / 4 "  I D  hose 
P r e s s u r e  Drop: 
4 psi/lOO' of hose @ f low r a t e  of 20 gpm 
Height  of Water Column: 
15.68 f t  of hose ho lds  1 g a l  f l u i d  
5 min of  f low @ 20 gpm = 1 0 0  g a l  
1568 f t  of hose ho lds  1 0 0  g a l  f l u i d  
1568 f t  = h e i g h t  of  w a t e r  column 
Max Water P res su re  = (1568) (..433) = 6 7 9  p s i  
Fue l  Line 
The f u e l  l i n e  w i l l  be des igned  i n  t h e  s a m e  manner as 
t h e  w a t e r  l i n e ,  cons ide r ing  a f i v e  minute  f u e l  supply and 
a p r e s s u r i z a t i o n  system i n  t h e  even t  t h e  f u e l  s tar ts  t o  
vapor i ze .  
Consider:  7/8" I D  hose 
P r e s s u r e  Drop: 
2 .7  psi/lOO' of hose @ f low r a t e  of  .8 gpm 
Height of  Fue l  Column: 
3 2  f t  of hose ho lds  1 g a l  f u e l  
5 min of  f low @ .8 gpm = 4 g a l  f u e l  
128 f t  of hose ho lds  4 g a l  f u e l  
Max Fue l  P r e s s u r e  = (128) ( . 4 3 3 )  ( . 7 0 3 )  = 39 p s i  
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Electr ic  Power Cable 
The e lectr ic  power c a b l e  i s  used t o  supply e lec t r ic  
power f o r  t h e  burner  e lec t r ic  i g n i t i o n  system and o t h e r  
down hole  e lectr ic  power needs,  such a s  logging ,  burner  
r o t a t i o n ,  e tc .  Cable t b  supply t h i s  type  of a p p l i c a t i o n  
can  be developed as  needed. Th i s  c a b l e  i s  e s t ima ted  t o  
be 3/4" i n  d iameter .  
E lec t r ic  S igna l  Cable 
T h i s  cable i s  used t o  provide  a rea l  t i m e  communica- 
t i o n s  l i n k  between t h e  s u r f a c e  equipment and t h e  down 
hole  equipment. T h i s  t ype  of c a b l e  can be developed a s  
needed. I t  i s  estimaed t o  be 3/4" i n  diameter. 
Outer Line (Boost A i r )  
A s  noted i n  F i g u r e  2 6 ,  Conf igura t ion  B ,  boos t  a i r  is 
t r a n s p o r t e d  i n  t h e  annu la r  a r e a  between t h e  hoses  and t h e  
o u t e r  o r  c o n t a i n e r  hose of t h e  u m b i l i c a l .  This  o u t e r  hose 
w i l l  be s i m i l a r  t o  t h a t  produced by Cof l ex ip  of France.  
I t  w i l l  c a r r y  t h e  t e n s i l e  l oad  seen  by each  of  t h e  
connec to r s  and the reby  l i m i t  t h e  t e n s i l e  l oad  of each of 
t h e  i n t e r n a l  hoses  t o  t h a t  of t h e  weight of each hose 
between t h e  connec tors .  The I D  of t h e  hose w i l l  be 5 "  t o  
a l l o w  s u f f i c i e n t  space  f o r  t h e  o t h e r  i n t e r n a l  hoses and 
cables. 
The o u t e r  s u r f a c e  of t h e  umbilical w i l l  be covered 
w i t h  a s a c r i f i c i a l  material t o  compensate f o r  t h e  a b r a s i v e  
problem p rev ious ly  s ta ted.  I n  a d d i t i o n ,  o i l  f i e l d  type  
rubber  bumpers sha l l  be used t o  keep the  umib l i ca l  o f f  
t h e  w e l l  w a l l  a s  much as p o s s i b l e .  
Umbil ical  Dimensions 
The i n t e r n a l  hoses  were chosen on t h e  b a s i s  of 
provid ing  i n t e r n a l  diameter t h a t  would reduce f low 
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f r i c t i o n  as much as  p o s s i b l e  a n d ’ t h e r e b y  l o w e r  i n t e r n a l  
hose p r e s s u r e .  I n  a d d i t i o n ,  t h e  hose o u t e r  d iameter  had 
t o  be l a r g e  enough t o  provide  s u f f i c i e n t  b u r s t  s t r e n g t h  
and t e n s i l e  load  c a r r y i n g  c a p a b i l i t y .  Consider ing t h e s e  
f a c t o r s ,  a compi la t ion  o f  dimensions and weights  involved 
i n  t h e  des ign  of t h e  u m b i l i c a l  are  s t a t e d  i n  Table 1 0 .  
Dimensions and weights  w e r e  ob ta ined  f r o m  c a t a l o g s  t h a t  
l i s t e d  hoses  t h a t  approached t h e  p h y s i c a l  requi rements  
needed. 
necessary  p h y s i c a l  requi rements  o f  s t r e n g t h  and 
temperature .  Thus t h e  hoses  s t a t e d  are  on ly  estimates of 
how t h e  umbi l i ca l  might be designed.  
I n  - no case w e r e  s t o c k  hoses  found t h a t  m e t  t h e  
The umbi l i ca l  des ign  i s  f u r t h e r  complicated by t h e  
f a c t  t h a t  few i f  any hoses  of t h e  type  needed are  
manufactured i n  2 0 0 0  f t .  l e n g t h s .  Discuss ion  wi th  
manufac turers  t e n d s  t o  i n d i c a t e  t h a t  t h i s  may be a ve ry  
s i g n i f i c a n t  problem, p a r t i c u l a r l y  when cost  i s  cons ide red .  
Another problem of  s i g n i f i c a n c e  i s  t h e  des ign  and 
development of  t h e  end connec tors .  A s  p r e v i o u s l y  s t a t e d ,  
p a s t  exper ience  i n  t h e  des ign  of  u m b i l i c a l  connec tors  has  
shown t h a t  t h i s ,  t o o ,  w i l l  be a ve ry  d i f f i c u l t  problem t o  
overcome. 
Estimated C o s t  
The e s t ima ted  cost  of t h e  u m b i l i c a l  i s  based on t h e  
c o s t  of  s t a n d a r d ,  o f f - the - she l f  hoses ,  c a b l e s ,  e tc .  t h a t  
approach t h e  p h y s i c a l  requi rements  of  de f ined  u m b i l i c a l  
components. The a c t u a l  cost  of t h e  u m b i l i c a l  components 
w i l l  probably be g r e a t e r  because of  t h e  manufactur ing 
problems involved,  t e n s i l e  l oad  c a r r y i n g  c a p a b i l i t i e s  of  
t h e  hoses ,  etc. I t  should a lso be noted t h a t  t h e  o u t e r  
l i n e  w i l l  va ry  i n  s e c t i o n  cost  because of t h e  e x t r a  steel  
r e q u i r e d  f o r  t e n s i l e  s t r e n g t h  i n  t h e  upper s e c t i o n s .  
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Component I D  OD E s t .  W t .  100 '  Temp. Ra t ing  I O F  I l b s .  
€ 
Bend Radius  
i n .  
UMBILICAZ, DESIGN CHARACTERISTICS W' 
Combustion Air/Oxygen L ine  
Water L i n e  
Fue l  Lne 
Elec t r ic  Power Cable  
E l  ec  tr i c  Communic a t i o n  Cab1 e 
Outer  L i n e  (Boost A i r )  ( 2 )  
2 ~ 2 - 2 1 / 3 2  2 2 0  -40 ,  +200 25 
1-114 2 - 5 / 3 2  3 2 0  - 4 0 ,  +200 1 8  
7 /8 1 - 1 5 / 6 4  4 6  -40 ,  +200 7-318 
-- -- 1 1 2  20  250 
-- 1 1 2  2 0  2 5 0  -- 
5 6 - 1 / 2  V a r  . -- 48 
Weight 
( 3 )  Component Sect ion  
V I  V I  I V I 1 1  
rp. l b s .  'I 1 l b s .  'I1 I l b s .  IV I 1;s. I l b s .  I l b s .  I l b s .  I l b s .  I W 
T o t a l  
Weight 
l b s .  
Combustion Air/Oxygen L i n e  
Water L i n e  
Fue l  L i n e  
E l e c t r i c  Power Cable  
E l e c t r i c  Communication Cable  
,Outer L i n e  (Boost A i r )  
-Connector  S e t  (Male & Female) 
( 2 )  
% T o t a l  Weight 
4,400 4 , 4 0 0  
6 ,400 6 , 4 0 0  
920 920 
400 4 00 
4 00 4 00 
77 ,000 7 7 , 0 0 0  
100 100  
89,620 8 9 , 6 2 0  
4 , 4 0 0  4 , 4 0 0  
6 , 4 0 0  6 , 4 0 0  
920 9 2 0  
4 00 4 00 
4 00 4 00 
7 7 , 0 0 0  8 2 , 0 0 0  
100  1 0 0  
8 9 , 6 2 0  9 4 , 6 2 0  
4 , 4 0 0  
6 , 4 0 0  
920 
400 
4 00 
87 , 000 
100  
99,620 
4 , 4 0 0  
6 , 4 0 0  
920 
4 00 
4 00 
92 , 000 
1 0 0  
1 0 4  , 620 
4 , 4 0 0  
6 , 4 0 0  
920 
4 00 
4 00 
97 , 000 
100 
1 0 9  , 620 
4 , 4 0 0  
6 , 4 0 0  
920 
4 00 
4 00 
1 0 2  , 000 
1 0 0  
1 1 4 , 6 2 0  7 9 1 , 9 6 0  
Notes:  (1) A l l  dimensions are  e s t i m a t e s  based on c a t a l o g  in fo rma t ion  of similar components. 
( 2 )  Outer  L i n e  we igh t s  v a r y  f o r  each  s e c t i o n  due  t o  t h e  added s t r e n g t h  characterist ics of t h e  upper  
s e c t i o n s  compared t o  t h e  l o w e r  s e c t i o n s .  S t anda rd ,  uns t r eng thened  hose  of t h i s  t y p e  weighs 
approximate ly  38.5  l b s .  per f o o t .  
( 3 )  Each s e c t i o n  is  es t ima ted  t o  b e  2000' l ong .  S e c t i o n  I is  t h e  f i r s t  s e c t i o n  used  i n  t h e  d r i l l i n g  
o p e r a t i o n .  
For purposes of t h i s  s t u d y ,  t h e  es t imated  cos ts  w i l l  be: 
Ou te r  L i n e  (Boost A i r )  C o s t  E s t i m a t e  
Sec t ion  I - $ 1 0 0 / f t  x 2 0 0 0 '  = 
Sect ion  11 - $ 1 0 0 / f t  x 2 0 0 0 '  = 
Sec t ion  111 - $ 1 0 0 / f t  x 2 0 0 0 '  = 
Sec t ion  I V  - $ l l O / f t  x 2 0 0 0 '  = 
S e c t i o n  V - $ 1 2 0 / f t  x 2 0 0 0 '  = 
Sec t ion  V I  - $ 1 3 0 / f t  x 2 0 0 0 '  = 
Sec t ion  V I 1  - $ 1 4 0 / f t  x 2 0 0 0 '  = 
Sec t ion  V I 1 1  - $ 1 5 0 / f t  x 2 0 0 0 '  = 
$ 2 0 0 , 0 0 0  
2 0 0 , 0 0 0  
2 0 0 , 0 0 0  
2 2 0 , 0 0 0  
2 4 0 , 0 0 0  
2 6 0 , 0 0 0  
2 8 0 , 0 0 0  
3 0 0 , 0 0 0  
$ 1 , 9 0 0 , 0 0 0  
U m b i l i c a l  C o s t  E x t i m a t e  
Combustion A i r / O x y g e n  L i n e :  
$ 6 . 1 8 / f t  x 1 6 , 0 0 0 '  $ 9 8 , 8 8 0  
Water L i n e :  
$ 1 7 . 6 1 / f t  x 1 6 , 0 0 0 '  
F u e l  L ine :  
$ 2 . 0 0 / f t  x 1 6 , 0 0 0 '  
E lec t r ic  P o w e r  Cable: 
$ 0 . 2 0 / f t  x 1 6 , 0 0 0 '  
E lec t r ic  Communication Cable: 
$ 0 . 2 0 / f t  x 1 6 , 0 0 0 '  
O u t e r  L ine  ( B o o s t  A i r ) :  
( f r o m  above) 
2 8 1 , 7 6 0  
3 2 , 0 0 0  
3 , 2 0 0  
3 , 2 0 0  
1,900,000 
Connectors: 
$ 1 , 0 0 O / s e t  x 8 8 , 0 0 0  
Tota l  C o s t  $ 2 , 3 2 7 , 0 4 0  
9 5  
T r a n s p o r t a t i o n  R e e l s  
The t r a n s p o r t a t i o n  reels provide  a means f o r  t r a n s -  
p o r t i n g  t h e  umbi l i ca l  hose s e c t i o n s  from one w e l l  loca t ion  
t o  ano the r .  The reels are  mounted on s k i d s  so t h a t  t hey  
can  be t r a n s p o r t e d  by t r u c k  and then  l e f t  a t  t h e  w e l l  s i t e .  
Because of  t h e  t r u c k  t r a n s p o r t a t i o n ,  t h e  reels should be 
des igned  t o  conform as  c lose a s  p o s s i b l e  t o  s t a t e  highway 
pe rmi t  loading  s p e c i f i c a t i o n s .  Loads t h a t  are dimension- 
a l l y  g r e a t e r  t han  s ta te  highway l o a d  s p e c i f i c a t i o n s  may 
r e q u i r e  s p e c i a l  highway r o u t i n g  because of underpass  and 
b r i d g e  c l e a r a n c e s ,  b r i d g e  c a p a c i t i e s ,  e tc .  
The reel  s k i d s  must be designed t o  provide :  
Capaci ty  7 2 0 0 0  f t .  of 6-1/2" OD u m b i l i c a l  w i th  a 
4 8 "  bend r a d i u s ,  
Level wind system f o r  c o n t r o l l e d  r e e l i n g .  
Power and braking  system f o r  reel  r o t a t i o n .  
0 Rotary va lv ing  and a s s o c i a t e d  equipment t o  a l low 
i n j e c t i o n  of down ho le  a i r /oxygen,  w a t e r , '  f u e l ,  
power, and e lec t r ica l  communications i n t o  t h e  
reeled or  moving u m b i l i c a l .  
To m e e t  t h e  above s p e c i f i c a t i o n s ,  t h e  approximate 
dimensions of the reel w i l l  bee 
0 D r u m  D i a m e t e r  - 96 i n .  (min.)  
D r u m  Width - 66  i n .  (max.) 
R e e l  OD - 1 4  f t .  (min.) 
R e e l  Skid width - 90 i n -  
The reel s k i d  w i l l  be designed e s s e n t i a l l y  a s  noted i n  
F igu re  27. This  des ign  p r e s e n t s  several problems, t h e  
f i r s t  of which i s  a combined weight  of s k i d  and umbi l i ca l  
of approximately 1 2 0 , 0 0 0  t o  1 5 0 , 0 0 0  l b s .  The t r a c t o r -  
t r a i l e r  system t h a t  moves t h i s  equipment must have a 
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s i g n i f i c a n t  number of a x l e s  t o  reduce t h e  load t o  an 
a c c e p t a b l e  a x l e  weight .  Thus, t h e  number of a c c e p t a b l e  
v e h i c l e s  w i l l  be l i m i t e d .  An a d d i t i o n a l  problem i s  a l so  
found i n  t h e  overa l l  d iameter  of t he  reel .  A reel  of t h i s  
diameter ,  when s k i d  mounted and p laced  on a t r a i l e r  f o r  
t r a n s p o r t a t i o n ,  w i l l  be w e l l  over t h e  a c c e p t a b l e  h e i g h t  
l i m i t s  f o r  highway t r u c k  l o a d s .  Thus s p e c i a l  r o u t i n g  w i l l  
be  r equ i r ed .  
I t  may be p o s s i b l e  t o  e l i m i n a t e  o r  reduce t h e  
s i g n i f i c a n c e  of t h e  above problems by reducing  t h e  l e n g t h  
of t h e  umbi l i ca l  hose s e c t i o n s .  I f  t h i s  was done, ree l  
diameters and load  weights  could be reduced. T h i s  in 
t u r n  would a f f ec t  t h e  u m b i l i c a l  d e s i g n  by r e q u i r i n g  m o r e  
connec tors .  I t  would also reduce  t e n s i l e  l oad  r e q u i r e -  
ments of a l l  i n t e r n a l  l i n e s  and cables, which may reduce 
umbi l i ca l  c o s t .  W e l l  t r i p  t i m e  would, however, i n c r e a s e  
because of t h e  a d d i t i o n a l  number of connec t ions  t o  be 
made. 
F i n a l  des ign  of  t h e s e  t r a n s p o r t a t i o n  reels should 
c o n s i d e r  t h e  above factors .  I t s  r e l a t i o n s h i p  t o  o t h e r  
components cannot  be ignored .  Gverall  des ign  of t he  
t r a n s p o r t a t i o n  reels does n o t ,  h o w e v e r ,  appear t o  p r e s e n t  
any s e r i o u s  des ign  problems. 
Estimated Cost: 
C o s t  p e r  Uni t :  
S k i d  S t r u c t u r e  
R e e l  
Motor and Brake 
Level Wind 
$ 1 0 , 0 0 0  
18,000 
1 0 , 0 0 0  
15 ,000 
Valving, P ip ing ,  Cable,  Con t ro l s  1 5 , 0 0 0  
$ .68 ,000  
Cost  of  8 u n i t s :  
9 8  
$544,000 
Winching Mechanism 
A mechanism t o  provide  c o n t r o l l e d  movement of t h e  
u m b i l i c a l  i n t o  and/or o u t  of t h e  w e l l  bore i s  r e q u i r e d .  
This  d e v i c e  must be capab le  of  g r i p p i n g  o r  a t t a c h i n g  
i t s e l f  t o  t h e  u m b i l i c a l  and y e t  a l l o w  t h e  r e q u i r e d  
c o n t r o l l e d  movement. I t  must be capab le  of handl ing a 
t e n s i o n  load of a t  l e a s t  850,000 l b s . ,  which c o n s i s t s  of 
t h e  weight  of  t h e  umbi l i ca l  p l u s  an  o v e r p u l l  fac tor .  I n  
a d d i t i o n ,  t h e  dev ice  must be s e c u r e l y  mounted on t h e  
s u r f a c e  o r  a t t a c h e d  t o  t h e  convent iona l  r o t a r y  r i g  sub- 
s t r u c t u r e  so t h a t  t h e  weight  of t h e  u m b i l i c a l ,  when hung 
i n  t h e  w e l l ,  does n o t  p h y s i c a l l y  move it. 
There are  s e v e r a l  mechanisms t h a t  may be capab le  of 
performing t h i s  f u n c t i o n  i f  t hey  w e r e  p r o p e r l y  modif ied 
o r  redes igned .  
system, F i g u r e  28, used t o  l a y  subsu r face  p i p e  offshore.  
Many of t h e s e  machines are used s u c c e s s f u l l y  t o  l o w e r  p i p e  
of f  t h e  end of a p i p e  l a y i n g  barge  i n t o  t h e  water. T h i s  
system could be adapted t o  handl ing an  u m b i l i c a l .  
o v e r a l l  weight  of t h e  u m b i l i c a l  would r e q u i r e  t h e  u s e  of 
seven LPT-120 u n i t s .  These seven machines would produce a 
s u r f a c e  system 2 4 3  f t .  long  and 22  f t .  h igh ,  
The f i r s t  device i s  a p i p e  t e n s i o n i n g  
T h e  
T h e  second system, F i g u r e  2 9 ,  i s  a d e v i c e  designed by 
a French company s p e c i f i c a l l y  f o r  handl ing  u m b i l i c a l s .  
system uses  t r a c t i o n  mechanisms t o  g r a b  t h e  u m b i l i c a l  and 
move it as  r equ i r ed .  Each t r a c t i o n  module has  a c a p a c i t y  
of 80,000 l b s .  Thus 11 u n i t s  would be r e q u i r e d .  Each u n i t  
i s  8 f t .  w i d e ,  8 f t .  long ,  and weighs approximately 3 6 , 0 0 0  
l b s .  Eleven of these u n i t s  would produce a s u r f a c e  system 
88 f t .  long and 8 f t .  wide. 
The 
The t h i r d  system, F igu re  3 0 ,  i s  a t r a c t i o n  winch. 
Th i s  dev ice  i s  used f o r  p u l l i n g  i n  o r  paying o u t  cable 
under load .  Many of  t h e s e  dev ices  have been used 
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s u c c e s s f u l l y  f o r  l a y i n g  c a b l e  o f f s h o r e  o r  p rov id ing  a 
t e n s i o n  load  on a c a b l e .  The s p e c i f i c  winch noted has  a 
c a p a c i t y  of  5 3 , 0 0 0  l b s . ,  and i s  approximately 17-1 /2  f t .  
long and 1 1 - 1 / 2  f t .  h igh.  Modi f i ca t ion  of t h i s  dev ice  t o  
handle  an 8 0 0 , 0 0 0  l b .  t e n s i o n  load  i s  v e r y  ques t ionab le .  
Although o t h e r  systems t h a t  can perform t h i s  t ype  of  
f u n c t i o n  may be a v a i l a b l e ,  no informat ion  w a s  found on 
them. Thus it may be safe  t o  s t a t e  t h a t - n o  system capab le  
o f  performing t h e  f u n c t i o n  r e q u i r e d  i n  a r easonab le  and 
economic manner e x i s t s .  Therefore ,  it w i l l  be necessary  t o  
modify one of t h e  above systems,  o r  a combination of t h e  
above systems, t o  develop a mechanism t h a t  w i l l  perform t h e  
s t a t e d  func t ion .  O f  t h e  systems noted ,  t h e  t r a c t i o n  winch 
should be eva lua ted  f i r s t ,  a s  t h e r e  is  l i t t l e  t h a t  can be 
done t o  change t h e  b a s i c  concept  of t h e  o t h e r  two systems 
and the reby  reduce t h e i r  o v e r a l l  s i z e  and complexi ty .  
Consider ing t h e  above f a c t o r s ,  t h e  winching mechanism 
p r e s e n t s  a formidable  des ign  cha l l enge .  This  problem 
should be s o l v a b l e ,  b u t  it w i l l  r e q u i r e  some v e r y  creat ive 
work. 
The cost  of such a device is very q u e s t i o n a b l e .  The 
fo l lowing  e s t i m a t i o n  could  be ve ry  low. 
Est imated C o s t :  $ 1 , 0 0 0 , 0 0 0  
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MOTOR CONTROLLER¶ AUXICI IRV CONTROL 
ILOCATEO OELOW OECKI CONSOLE lOWlON4U 
PIPE TENSIONING SYSTEM 
F i g u r e  28 
Ref .  : Western Gear Corpora t ion  
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F l e x i b l e  P i p e  
Winching Mechanism 
FLEXIBLE PIPE AND WINCMIRG MECHANISM 
F i g u r e  29  
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A u x i l i a r y  Components 
The a u x i l i a r y  components c o n s i s t  of t h e  fo l lowing  
subsystems: 
Umbilical  Guide S t r u c t u r e  
Sl ip/Grab Mechanism 
F i sh ing  Tools 
Umbil ical  Guide S t r u c t u r e  
This  s t r u c t u r e  gu ides  t h e  movement of t h e  u m b i l i c a l  
from t h e  end of t h e  winching mechanism t o  a p o s i t i o n  t h a t  
p l a c e s  it a x i a l l y  v e r t i c a l  above t h e  w e l l  bore .  This  
s t r u c t u r e  i s  r e q u i r e d  t o  a s s u r e  t h e  proper  movement of 
t h e  u m b i l i c a l  w i t h  r ega rd  t o  bend r a d i i  and p o s i t i o n i n g  
above t h e  w e l l  bore .  
The s t r u c t u r e  would be made from a series of s teel  
l a t t i c e  members t h a t  form a curved pathway l i n e d  w i t h  a 
series of r o l l e r s .  T h e  u m b i l i c a l  would be guided over  
these r o l l e r s  and i n t o  t h e  w e l l  bo re ,  The d e s i g n  of 
t h i s  s t r u c t u r e  i s  q u i t e  s imple and no d e s i g n  problems 
a r e  a n t i c i p a t e d .  
Estimated Cost: $ 3 0 , 0 0 0  
Slip/Grab Mechanism 
The s l i p / g r a b  mechanism i s  used t o  g r a b  and hold 
t h e  u m b i l i c a l  i n  a f i x e d ,  s t a t i c  p o s i t i o n  i n  t h e  w e l l  
bore .  I t  must be capab le  of  ho ld ing  t h e  f u l l  weight of 
t h e  u m b i l i c a l  i n  t h i s  p o s i t i o n .  The dev ice  would be 
p laced  d i r e c t l y  above t h e  w e l l  bo re  and c o n c e n t r i c  t o  
t he  r o t a r y  t a b l e ,  It  would be used t o  hold  t h e  
umbi l i ca l  i n  p l a c e  i n  t h e  even t  t h e  winch mechanism 
f a i l e d  o r  r e q u i r e d  r e p a i r  when t h e  u m b i l i c a l  i s  i n  t h e  
ho le .  I n  many r e s p e c t s ,  i t s  f u n c t i o n  i s  s i m i l a r  t o  t h e  
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s l i p s  on a convent iona l  r o t a r y  r i g .  I t  d i f f e r s  from 
convent iona l  s l i p s ,  however, i n  t h e  f a c t  t h a t  it cannot  
u s e  convent iona l  s l i p  i n s e r t s  t o  g r a b  t h e  u m b i l i c a l  
because t h e  tee th  of t h e  i n s e r t  would t end  t o  r i p ,  and 
p o s s i b l y  cause  severe damage t o ,  t h e  umbil ical .  This  i s  
p a r t i c u l a r l y  t r u e  i f  t h e  i n s e r t  t e e t h  w e r e  t o  c u t  t h e  
l o a d  c a r r y i n g  elements  of  t h e  umbilical. Thus a 
mechanism t h a t  can qu ick ly  g r a b  and hold t h e  u m b i l i c a l  
wi thout  damaging it must be des igned .  I t  i s  be l i eved  
t h a t  t h i s  system can be designed u s i n g  e i ther  a Kellurns 
g r i p  t y p e  dev ice ,  o r  by p l a c i n g  a series of shou lde r s ,  
which could be grabbed by t h e  s l i p  mechanism, on t h e  
u m b i l i c a l .  Other des ign  concepts  should a l so  be 
reviewed. Consider ing t h e  above, a des ign  e f f o r t  w i l l  
be r e q u i r e d  t o  s o l v e  t h i s  problem. Although t h e  dev ice  
can probably be des igned ,  a c o n s i d e r a b l e  c r e a t i v e  e f f o r t  
w i l l  be r equ i r ed .  
Est imated C o s t :  $ 7 5 , 0 0 0  
F i s h i n g  Tools 
A set  of f i s h i n g  t o o l s  w i l l  be r e q u i r e d  fo r  u s e  w i t h  
t h e  u m b i l i c a l .  These t o o l s  w i l l  be used f o r  working on 
t h e  umbi l i ca l  w h i l e  it is  - i n t h e  ho le .  
t o o l s  w i l l  be used t o  re t r ieve the umbi l i ca l  i n  case p a r t  
of  it breaks  o f f  i n  t h e  ho le .  O t h e r  f u n c t i o n s  would 
i n c l u d e  f r e e i n g  t h e  u m b i l i c a l  i n  t h e  even t  it g e t s  s t u c k  
i n  t h e  hole ,  o r  c u t t i n g  of f  t h e  l o w e r  p a r t  of t h e  
For e x a m p l e i - t h e  
umbi l i ca l  i n  case it cannot  be f r e e d  from a s t u c k  
p o s i t i o n .  The d i f f i c u l t y  i n  t h e s e  t y p e s  o f  o p e r a t i o n s  i s  
t h a t  t h e  f i s h i n g  too l s  must go down hole i n  t h e  annu la r  
a r e a  between t h e  umbilical and t h e  w e l l  w a l l  o r  t h e  
cas ing .  I n  a d d i t i o n ,  t hey  w i l l  probably be hung from a 
w i r e  l i n e ,  which w i l l  make t h i s  o p e r a t i o n  extremely 
d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  do. F u r t h e r ,  space  
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l i m i t a t i o n s  i n  t h e  annulus  w i l l  make t h e  d e s i g n  of t h e  
t o o l s  very  d i f f i c u l t .  
The des ign  of good f i s h i n g  t o o l s  i s  a problem t h a t  
cannot  be ignored .  It  would be f o o l i s h  t o  b u i l d  an 
umbi l i ca l - type  d r i l l i n g  system wi thou t  having t h e s e  
t y p e s  of t o o l s  ava i l ab le . .  F a i l u r e  t o  provide  t h i s  
c a p a b i l i t y  could c r e a t e  extremely expensive problems. 
Thus, t h e s e  t o o l s  m u s t  be designed and b u i l t .  I t  
should be noted t h a t  t h e  French "claim" t o  have b u i l t  
a set  of t o o l s  f o r  t h e i r  u m b i l i c a l  r i g .  However, t h e  
e f f e c t i v e n e s s  of t h e i r  t o o l s  i s  v e r y  q u e s t i o n a b l e .  
A n  e s t ima ted  c o s t  f o r  t h e  f i s h i n g  t o o l s  i s  
provided below. Because t h e  des ign  of t h e s e  t o o l s  i s  
unknown, t h e  e s t ima ted  c o s t  could be ve ry  low o r  ve ry  
high.  
Est imated Cost :  $ 2 0 0 , 0 0 0  
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3 .  Down Hole Burner System 
The down h o l e  burner  system c o n s i s t s  of t h e  flame 
j e t  burner  and t h e  necessary  c o n t r o l s  and guidance 
equipment r e q u i r e d  f o r  t h e  burner  t o  f u n c t i o n  p rope r ly .  
This  combination of equipment w i l l  be assembled i n  a 
manner s i m i l a r  t o  t h a t  of F i g u r e  31. The main components 
of t he  assembly are: 
Burner 
Motor 
Valving/Control System 
Sensor System 
S t e e r i n g  Tool 
Thrus t e r  
Most of these elements  e i t he r  e x i s t  i n  working form o r  
have been concep tua l ly  designed.  Thus, even though a 
d e s i g n  e f f o r t  w i l l  be r e q u i r e d  t o  o b t a i n  t h e  system i n  
t h e  c o n f i g u r a t i o n  d e s i r e d ,  t h e r e  i s  a technology base  on 
which t o  b u i l d .  
The down ho le  burner  system must be des igned  t o  meet 
t h e  fo l lowing  s p e c i f i c a t i o n s :  
0 Forward ax ia l  movement - 0 - 1 5 0  f t . / h r .  
D i r e c t i o n a l  movement - O o  - 3 O  i n  + O  increments  
Axia l  r o t a t i o n  - 0 - 50 RPM 
Rotary to rque  c a p a b i l i t y  - 0 - 1 0 0  f t . l b s .  (es t .  max.) 
I n  a d d i t i o n  t o  t h e  above, t he  equipmentmust  be designed 
t o  o p e r a t e  c o n t i n u a l l y  and e f f e c t i v e l y  i n  ambient 
tempera tures  accord ing  t o  Curve D ,  F igu re  2 0 .  
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Burner 
The burner  i s  t h e  most e s s e n t i a l  e lement  of t h e  
flame j e t  system. It  produces t h e  h igh  tempera ture ,  
h igh  v e l o c i t y  f l a m e  j e t  by i g n i t i o n  of  a mix tu re  of  
f u e l  and an  air /oxygen blend i n  a combustion chamber. 
The a p p l i c a t i o n  of t h i s  f l a m e  j e t  exhaus t  a g a i n s t  t h e  
face of the  rock i n i t i a t e s  t h e  thermal  s p a l l a t i o n  
p rocess .  
The b a s i c  c o n s i d e r a t i o n s  i n  burner  des ign  c o n s i s t  
of t h e  thermodynamics of  t h e  combustion p rocess ,  t h e  
d e s i g n  of t h e  exhaus t  nozz le  system, t h e  exhaus t  flame 
geometry and r e l a t i o n s h i p  t o  t h e  rock face,  t h e  
c o o l i n g  system des ign ,  and t h e  materials used. 
Cons iderable  work has been done on t h e  dev ices  by 
b o t h  Browning Engineer ing and Linde. 
have produced numerous bu rne r s  t h a t  have performed v e r y  
w e l l  i n  t h e  f i e l d .  I n  f a c t ,  Linde bu rne r s  have an  
e s t ima ted  l i f e  of 3 0 0  hours ,  Thus, conceptua l  des ign  
of t h e  burner  w i l l  no t  be necessary .  Design work w i l l ,  
however, be r e q u i r e d  t o  determine t h e  effects of and 
des ign  requirements  fo r  a v a r i a b l e  a i r /oxygen and f u e l  
mixture. Combustion chamber design, nozzle configura- 
t i o n ,  flame geometry, e tc . ,  must a l l  be i n v e s t i g a t e d  
t o  determine optimum c o n f i g u r a t i o n .  
Both companies 
I n  a d d i t i o n  t o  t h e  above, w o r k  must be done t o  
develop a r e l i a b l e  i g n i t i o n  system t h a t  w i l l  p rovide  
burner  s h u t  o f f  o r  res tar t  when t h e  burner  i s  deep i n  
t h e  ho le .  A t  p r e s e n t ,  bo th  Browning and Linde systems 
are  hand i g n i t e d  on t h e  s u r f a c e .  This  concept  cannot  
be used because of t h e  problems of t r i p p i n g  a lit 
burne r ,  p a r t i c u l a r l y  i f  t h e  t r i p p i n g  p rocess  i s  s topped 
f o r  some reason ,  whi le  t h e  lit burner  i s  s t i l l  i n s i d e  
t h e  cas ing .  Severe c a s i n g  damage w i l l  occur .  
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To p e n e t r a t e  non-spal lable ,  rock  v e i n s  o r  s t r a t a ,  
Linde has  encased i t s  burner  i n  a reamer s h e l l  a s  noted 
i n  F igu re  13 .  On i t s  lower edge, t h i s  s h e l l  has  a series 
of  hard m e t a l  l u g s  t h a t  are used t o  c u t  away t h e  mol ten ,  
non-spa l lab le  rock when t h e  burner  i s  r o t a t e d ,  The h o l e  
i s  also s i z e d  f o r  c l e a r a n c e  by t h i s  s a m e  r o t a t i o n a l  
movement. 
The burner  a l so  i n c o r p o r a t e s  a water j e t  system 
t h a t  sp rays  w a t e r  i n t o  t h e  annu la r  area between t h e  
reamer s h e l l  and t h e  w e l l  w a l l .  A s  p r e v i o u s l y  s t a t e d ,  
t h i s  w a t e r  sp ray  i s  used t o  quench t h e  s p a l l s ,  t h e  w e l l  
w a l l s ,  and any molten m a t e r i a l .  I t  a lso assists i n  
l i f t i n g  p a r t i c l e s  t o  t h e  s u r f a c e .  P r i o r  t o  t h e  w a t e r  
be ing  sprayed i n  t h e  annulus ,  t h e  water i s  f o r c e d  
through a series of passages  around t h e  combustion 
chamber, t he reby  coo l ing  it as i l l u s t r a t e d  i n  F i g u r e  13.  
As noted above, c o n s i d e r a b l e  work has  been done i n  
t h i s  des ign  a r e a .  However, a des ign  e f f o r t  w i l l  be 
r e q u i r e d  t o  i n c o r p o r a t e  i n t o  t h e s e  burner  des igns  t h e  
f e a t u r e s  r e q u i r e d  f o r  t h i s  r i g  program. N o  s e r i o u s  
des ign  problems are a n t i c i p a t e d  i n  t h i s  e f f o r t .  
An e s t ima ted  c o s t  i s  provided below. Th i s  cos t  i s  
based on t h e  p r e s e n t  cost  of purchas ing  an o f f - the - she l f  
burner .  
Est imated Cost :  $ 5 , 0 0 0  
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Motor 
The f u n c t i o n  of t h e  motor i s  t o  provide  an  a x i a l  
r o t a t i n g  or  o s c i l l a t i n g  motion t o  t h e  burner .  I t  i s  
claimed t h a t  t h i s  motion w i l l  a s s i s t - t h e  hole-making 
p rocess ,  p a r t i c u l a r l y  i f  a mul t i -nozz le  burner  i s  used. 
I n  a d d i t i o n ,  t h e  r o t a r y  motion assists t h e  s h e l l  reamers 
i n  s i z i n g  t h e  ho le  and s c r a p i n g  away molten rock .  
Because i t  i s  beyond t h e  scope of t h i s  r e p o r t  t o  d i s c u s s  
t h e  m e r i t s  of r o t a t i o n ,  i t  w i l l  be assumed t h a t  t h i s  
motion i s  necessary .  
Provid ing  t h e  motion i s  n o t  a d i f f i c u l t  d e s i g n  
problem, p a r t i c u l a r l y  s i n c e  t h e  r o t a t i o n a l  t o rque  i s  
l i m i t e d  t o  a maximum of  1 0 0  f t . l b s .  Numerous motors have 
been developed f o r  down h o l e  use .  
can be ob ta ined .  The on ly  s e r i o u s  des ign  problem 
a n t i c i p a t e d  i s  des ign ing  t h e  motor f o r  h igh  tempera ture  
a p p l i c a t i o n .  One p o s s i b l e  s o l u t i o n  t o  t h i s  problem i s  t o  
w a t e r  cool t h e  motor by running t h e  burner  w a t e r  l i n e s  
around t h e  motor. Another p o s s i b l e  s o l u t i o n  i s  t o  
e l i m i n a t e  t h e  e lec t r ic  motor completely and r e p l a c e  it w i t h  
a s m a l l  t u r b i n e  ope ra t ed  by t h e  f low of  w a t e r  from t h e  
bu rne r  water l i n e .  Water p r e s s u r e  w i l l  probably have t o  be 
inc reased  t o  provide  s u f f i c i e n t  energy t o  m e e t  t h e  t o r q u e  
requi rements .  This  i n  t u r n  w i l l  r e q u i r e  r e -eva lua t ion  of 
t h e  load  c a p a b i l i t i e s  of t h e  water l i n e s  i n  t h e  umbilical. 
Thus motor c o n f i g u r a t i o n  
Regardless  of  t h e  method chosen, it i s  be l i eved  t h a t  
t h e  motor can be b u i l t  and t h e  tempera ture  problem re so lved  
by proper  a p p l i c a t i o n  of  w a t e r  coo l ing  techniques .  
Est imated C o s t :  $ 3 0 , 0 0 0  
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Valving/Control System 
The purpose of t h e  va lv ing /con t ro l  system i s  t o  
provide ,  a s  r e q u i r e d ,  t h e  necessa ry  f l u i d s  f o r  t h e  
combustion process .  Combustion f l u i d s  must e n t e r  t h e  
combustion chamber a t  set  f low ra tes  and p r e s s u r e s .  
Flow p u l s a t i o n  problems, i n c o r r e c t  f l u i d  r a t i o s ,  e tc . ,  
tend t o  l o w e r  t h e  system e f f i c i e n c y .  Thus, a means i s  
necessary  t o  provide  t h e s e  f l u i d s  i n  a c o n t r o l l e d  manner. 
F u r t h e r ,  it w i l l  be necessary  t o  s t a r t  and s t o p  t h e  f l o w  
of  t h e s e  f l u i d s  as  close t o  t h e  burner  a s  p o s s i b l e .  All 
t h e s e  f u n c t i o n s  r e q u i r e  t h e  u s e  of  a remote o p e r a t e d ,  
down h o l e  c o n t r o l  system. The va lv ing /con t ro l  system 
p rov ides  t h i s  f u n c t i o n .  I n  many ways, t h i s  system i s  
s i m i l a r  i n  f u n c t i o n  t o  a g a s  engine  c a r b u r e t o r .  
The des ign  of  t h i s  system i s  f a i r l y  s imple .  Most of 
t h e s e  components are  a v a i l a b l e  today ,  and s u r f a c e  c o n t r o l  
can  be ob ta ined  by two-way t r ansmiss ion  of d a t a  between 
t h i s  system and t h e  s u r f a c e  v ia  t h e  c o n t r o l  c a b l e .  
Thus, no c r i t i c a l  conceptua l  des ign  problems are  
fo reseen .  
tempera ture  requirement .  This  problem might be so lved  by 
us ing  t h e  burner  w a t e r  t o  cool t h e  v a r i o u s  components i n  
t h e  same way cons idered  f o r  t h e  motor. 
The on ly  problem of s i g n i f i c a n c e  i s  t h e  h igh  
A des ign  e f f o r t  w i l l  be r e q u i r e d  t o  develop t h i s  
system. Extens ive  t e s t i n g  w i l l  be r e q u i r e d  t o  assure 
i t s  proper  o p e r a t i o n  a t  t h e  d e s i g n  tempera ture  levels. 
Estimated C o s t :  $ 2 5 , 0 0 0  
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Sensor System 
The senso r  system o b t a i n s  and t r a n s m i t s  p o s i t i o n  
and g e o l o g i c a l  data t o  t h e  s u r f a c e .  This  d a t a  c o n s i s t s  
of azimuth, i n c l i n a t i o n ,  tool f a c e  o r i e n t a t i o n ,  down 
h o l e  tempera ture  and p r e s s u r e ,  and any a d d i t i o n a l  
i n s p e c t i o n  o r  logging  t y p e  informat ion .  The d a t a  i s  
t r a n s m i t t e d  t o  t h e  s u r f a c e  via  t h e  u m b i l i c a l  c o n t r o l  
cable. 
Ins t rumen ta t ion  and s e n s o r s  t o  o b t a i n  t h i s  t ype  of 
informat ion  are  a v a i l a b l e .  Packaging t h e  in s t rumen t s  
i n t o  an  a c c e p t a b l e  down h o l e  c o n t a i n e r  does n o t  appear  
t o  be d i f f i c u l t .  The tempera ture  requirement  does ,  
however, p r e s e n t  a s e r i o u s  des ign  problem. A s  sugges ted  
for  t h e  o ther  down h o l e  components, w a t e r  c o o l i n g  may be 
a p o s s i b l e  s o l u t i o n  t o  t h e  problem, However, t h e  amount 
of coo l ing  t h e  w a t e r  system may be r e q u i r e d  t o  do may be 
g r e a t e r  t h a n  t h e  c a p a c i t y  of t h e  a v a i l a b l e  w a t e r .  Thus 
a coo l ing  a n a l y s i s  of t h e  t o t a l  down h o l e  burner  system 
may be r e q u i r e d  a s  opposed t o  looking  a t  i n d i v i d u a l  
subsystems. 
Est imated C o s t :  $ 4 0 , 0 0 0  
S t e e r i n g  Tool 
S t e e r i n g  tools are down h o l e  devices o r  systems used 
t o  change t h e  l a t e ra l  d i r e c t i o n  of t h e  d r i l l i n g  b i t  o r  
burner .  This  t ype  of too l  w i l l  be r e q u i r e d  i f  any 
d i r e c t i o n a l  d r i l l i n g  i s  r e q u i r e d ,  o r  i f  there is  any 
chance t h a t  t h e  b i t  o r  burner  w i l l  wander o u t  of  h o l e  
d i r e c t i o n  l i m i t a t i o n s  when v e r t i c a l l y  d r i l l i n g  o r  burning.  
A number of t h e s e  d e v i c e s  have been des igned  and 
s u c c e s s f u l l y  used i n  t h e  f i e l d .  One des ign  of  s p e c i f i c  
i n t e r e s t  f o r  t h i s  p r o j e c t  i s  a t o o l ,  b u i l t  i n  France ,  t h a t  
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F i g u r e  3 2  
v 
Ref. : SMF I n t e r n a t i o n a l  
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a l lows  c o n t i n u a l  a n g l e  change from a remote p o s i t i o n .  
Th i s  system u s e s  an e l e c t r i c a l  s i g n a l ,  t r a n s m i t t e d  from 
t h e  s u r f a c e ,  t o  o p e r a t e  s e v e r a l  v a l v e s ,  which i n  t u r n  
a l lows  h y d r a u l i c  p r e s s u r e  t o  o p e r a t e  o r  c o n t r o l  t h e  t o o l  
angle .  An advantage of t h i s  t ype  of system i s  t h a t  it 
pe rmi t s  s u r f a c e  v i s u a l i z a t i o n  of t h e  a n g u l a r  p o s i t i o n .  
To f i n d  a system t h a t  i s  compatible  wi th  t h e  down 
h o l e  burner  system w i l l  r e q u i r e  a des ign  e f f o r t .  F u r t h e r ,  
t h e  system must be capable  of o p e r a t i n g  a t  t h e  e l e v a t e d  
tempera tures  s p e c i f i e d .  
Because of  t h e  amount of work p r e v i o u s l y  done i n  t h i s  
a r e a ,  it i s  be l i eved  t h a t  t h i s  problem can be r e so lved .  
The tempera ture  requi rement ,  however, could  c r e a t e  some 
s e r i o u s  des ign  problems. 
Est imated Cost:  $ 7 5 , 0 0 0  
T h r u s t e r  
T h r u s t e r s  a r e  down h o l e  t o o l s  t h a t  p l a c e  an a x i a l  
l oad  o r  t h r u s t  on t h e  b i t  w i thou t  t h e  use  of d r i l l  
c o l l a r s .  The tool performs t h i s  f u n c t i o n  by grabbing t h e  
w e l 1 , w a l l  and then  apply ing  an a x i a l  load t o  t h e  b i t .  
The w e l l  w a l l  i n  t u r n  abso rbs  t h e  r e a c t i v e  t h r u s t .  These 
t o o l s  a r e  p r i m a r i l y  used f o r  h i g h l y  d e v i a t e d  o r  h o r i z o n t a l  
ho le s .  Seve ra l  of these d e v i c e s  have been b u i l t  and used 
f o r  exper imenta l  purposes .  
For flame j e t  d r i l l i n g ,  t h i s  t o o l ” w i l 1  be  used f o r  a 
d i f f e r e n t  purpose.  Because the  down hole burner  system 
i s  hung from t h e  u m b i l i c a l ,  t h e  r e a c t i v e  t o r q u e  of t h e  
motor and burner  reamers cannot  be p r o p e r l y  absorbed.  I n  
a d d i t i o n ,  t h e r e  is  no way t o  s t a b i l i z e  t h e  u m b i l i c a l  so 
t h a t  t h e  s t e e r i n g  t o o l  can  o p e r a t e  from a set  reference 
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JET B IT  O R  CHOKE 
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F i g u r e  33 
Ref.: Exxon P r o d u c t i o n  Research  Co. 
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p o i n t .  F u r t h e r ,  i n  a d e v i a t e d  h o l e ,  t h e  burner  w i l l  t end  
t o  l i e  on t h e  lower s i d e  of t h e  w e l l  bore ,  which w i l l  
c r e a t e  d i r e c t i o n a l  problems. Thus, a means i s  needed t o  
s t a b i l i z e  t h e  burner  w i th  r ega rd  t o  t h e  w e l l  a x i s  and 
d i r e c t i o n ,  and i n  a d d i t i o n ,  p rovide  a way of absorb ing  
r e a c t i v e  to rque .  The t h r u s t e r ,  i f  des igned  p r o p e r l y ,  c a n  
p rov ide  t h e s e  c a p a b i l i t i e s .  
From an a n a l y t i c a l  v i e w  p o i n t ,  it should be p o s s i b l e  
t o  modify a v a i l a b l e  t h r u s t e r  d e s i g n s  t o  provide  t h e  
needed requi rements  of t h e  down h o l e  burner  assembly. As 
i n  t h e  case of a l l  o t h e r  components, t empera ture  r e q u i r e -  
ments w i l l  p r e s e n t  s e r i o u s  problems t h a t  must be overcome. 
Est imated Cost :  $ 1 2 5 , 0 0 0  
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4 .  Cont ro l  System 
The c o n t r o l  system i n c o r p o r a t e s  t h e  c o n t r o l s  
necessa ry  t o  o p e r a t e  both  t h e  convent iona l  r o t a r y  r i g  
and t h e  flame j e t  r i g .  Through t h i s  i n c o r p o r a t i o n ,  bo th  
sets of c o n t r o l s  are combined i n t o  one u n i f i e d  system. 
A schematic  of  t h i s  concept  i s  noted i n  F igu re  3 4 .  
The basic elements  of t h i s  concept  are: 
D r i l l e r ' s  Cont ro l  Console 
Subsystems 
Cables, Connectors ,  J u n c t i o n  Boxes 
The d r i l l e r ' s  c o n t r o l  console  i s  t h e  main o p e r a t i n g  
s t a t i o n  on t h e  r i g .  I t  i s  l o c a t e d  on t h e  r i g  f l o o r  c l o s e  
t o  t h e  r o t a r y  t a b l e .  I t  c o n t a i n s  t h e  main c o n t r o l s  f o r  
bo th  t h e  convent iona l  and flame j e t  r i g s .  
The c o n t r o l s  f o r  t h e  convent iona l  d r i l l i n g  r i g  are  
similar t o  t h o s e  of any s t a n d a r d  d r i l l i n g  r i g .  N o  
m o d i f i c a t i o n  t o  t h e s e  components i s  necessa ry  except  f o r  
t h e  primary power d i s t r i b u t i o n  system, which must be 
redes igned  t o  i n c o r p o r a t e  t h e  a b i l i t y  t o  swi tch  power, as  
required, from the conventional drilling s y s t e m  to t he  
flame j e t  system. 
The c o n t r o l s  f o r  t h e  flame j e t  system w i l l  be des igned  
s i m i l a r  t o  those used on L i n d e ' s  JPM-5 r i g .  T h i s  system 
u s e s  a computer t o  monitor  and correct f l u i d  f l o w  r a t e s  so 
t h a t  optimum combustion c o n d i t i o n s  w i l l  be ob ta ined .  
Because of t h e  d i s t a n c e  between t h e  down h o l e  burner  system 
and t h e  s u r f a c e  c o n t r o l s ,  t h e  necessa ry  p r e s s u r e ,  tempera- 
t u r e ,  and f l o w  rate s e n s o r s  must be p l aced  i n  t h e  down h o l e  
va lv ing /con t ro l  system. S i g n a l s  f r o m  t h e s e  senso r s  are  
t r a n s m i t t e d  t o  t h e  s u r f a c e  computer where they  are then  
analyzed.  S i g n a l s  fo r  c o r r e c t e d  c o n t r o l  s e t t i n g s  a r e  then  
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CONTROL SYSTEM 
CONVENTIONAL R O T A R Y I W  JET DRILLIETG R I G  
T r a n s p o r t a t i o n  Reel 6 Winching Mechanism C o n t r o l s  
Dril ler 's  Console r I 1 
To Sur face  
Equipment 
S i g n a l s  from: 
Combustion Sensors  
Motor 
F l u i d  Senso r s  
D i r e c t i o n  Con t ro l  
Thrus t e r  
Sensor  System 
Pr imary  
Power 
I TO All 
l S u r f a c e  Systems 
I 
Cont ro l  S i g n a l s  t o :  
Thrus t e r  
S t e e r i n g  Tool 
AirIOxygen, Water, 6 
Fuel  Valves  
Motor 
I g n i t i o n  System 
Sensors  
____- - I  System 
To 
Flow Control 
I I 
Cont ro l  L i n e  
------- F l u i d  Flow L i n e  
--- Electric Power L i n e  
Umbi l i ca l  
F i g u r e  34 
t r a n s m i t t e d  back down h o l e  t o  t h e . a p p r o p r i a t e  valves. 
Valve s e t t i n g s  are a u t o m a t i c a l l y  c o r r e c t e d  as  necessary .  
I n  a d d i t i o n  t o  f l u i d  c o n t r o l ,  t h e  s u r f a c e  c o n t r o l s  
a l so  monitor  and c o n t r o l  burner  feed r a t e ,  burner  
r o t a t i o n ,  and burner  angu la r  movement. The concept  used 
f o r  t h e  JPM-5 f eed  r a t e  c o n t r o l  ( s ens ing  of  suspension 
cable weight)  cannot  be used because of t h e  weight and 
l e n g t h  o f  t h e  umbi l i ca l .  Thus a new system must be 
developed. This  system w i l l  r e q u i r e  c o n s i d e r a b l e  s tudy  
because movement of t h e  winching mechanism and r o t a t i o n  
of  t h e  t r a n s p o r t a t i o n  reels must be a c c u r a t e l y  coord ina ted  
w i t h  it. Thus a f a i r l y  complex s e t  o f  c o n t r o l s  w i l l  be 
r e q u i r e d .  
Burner r o t a t i o n  w i l l  be c o n t r o l l e d  by sens ing  i t s  
speed and a d j u s t i n g  t h e  power i n p u t  t o  t h e  down h o l e  motor 
module. Burner angu la r  movement w i l l  be c o n t r o l l e d  by 
t r a n s m i t t i n g  p o s i t i o n  d a t a  from t h e  senso r  system t o  a 
s u r f a c e  computer where it i s  compared t o  t h e  r e q u i r e d  
p o s i t i o n  data .  
t r a n s m i t t e d  back down h o l e  t o  t h e  s t e e r i n g  too l .  Angular 
p o s i t i o n  of t h i s  t o o l  is  then  c o r r e c t e d ,  which i n  t u r n  
corrects t h e  burner  p o s i t i o n .  
Cor rec t ion  s i g n a l s  are gene ra t ed  and 
Othe r  c o n t r o l s  f o r  moni tor ing  and c o r r e c t i n g  s u r f a c e  
systems w i l l  a l so  be r e q u i r e d .  D a t a  for these c o n t r o l s  
i s  ob ta ined  f r o m  t h e  v a r i o u s  s u r f a c e  subsystems. Sensors  
and c o n t r o l s  are p laced  on t h e s e  systems as  r e q u i r e d .  
T h i s  d a t a  i s  t r a n s m i t t e d  between t h e  v a r i o u s  systems by a 
series of c a b l e  connec tors ,  e tc .  
Overa l l  e v a l u a t i o n  of t h e  c o n t r o l  system i n d i c a t e s  
t h a t  no major design problems should be encountered.  
However, a des ign  program w i l l  be r e q u i r e d .  
1 2 0  
Estimated Cost: 
Driller's Console 
Conventional Drilling Controls - $ 68,700 
60,000 Flame Jet Drilling Controls 
e Subsystems 40,000 
Cable, Connectors, Junction Boxes \ 2 5 , 0 0 0  
Total $193,700 
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D .  Rig C o s t  Summary 
An es t ima ted  cost  has  been made f o r  each of  t h e  
v a r i o u s  systems and components of  t h e  thermal  s p a l l a t i o n  
d r i l l i n g  r i g .  A s  p r e v i o u s l y  s t a t e d ,  t h e s e  costs  are  based,  
when p o s s i b l e ,  upon vendor informat ion  and eng inee r ing  
d e s i g n  judgement. 
p o s s i b l e .  
Thus e r r o r  i n  cost  e s t i m a t i o n  i s  v e r y  
. 
I n  g e n e r a l ,  t h i s  e r r o r  w i l l  be l i m i t e d  t o  t h e  flame 
j e t  d r i l l i n g  equipment. F u r t h e r ,  t h i s  error  w i l l  probably 
be mani fes ted  i n  under-est imat ing component c o s t .  There- 
fore ,  it can be s t a t e d  t h a t  i n  a l l  p r o b a b i l i t y  t h e  cost  of 
t h e  convent iona l  d r i l l i n g  system i s  f a i r l y  a c c u r a t e ,  whi le  
t h e  c o s t  of t h e  flame j e t  r i g  may be t o o  l o w .  An e r r o r  
f a c t o r  of  as  much as  1 0 %  t o  1 5 %  may be involved i n  t h e  
f l a m e  j e t  r i g  c o s t .  
A t a b u l a t i o n  of a l l  costs involved i s  noted  i n  Table  11. 
I t  must aga in  be emphasized t h a t  t h e s e  c o s t s  are  based 
on t h e  assumption t h a t  t h e  p a r t s  can i n  f a c t  be designed and 
t h a t  they  w i l l  o p e r a t e  e f f i c i e n t l y  and r e l i a b l y .  
assumption must be understood because of t h e  s e v e r e  des ign  
problems involved in many of the components of the flame jet 
r i g .  
This  
1 2 2  
cus 
TIIERMAL SPALLATION DRILLING R I G  
COST SUMMARY 
A .  System/Component Cost: 
1. S u r f a c e  System 
Convent ional  D r i l l i n g  Modules 
Mast, S u b s t r u c t u r e  and A c c e s s o r i e s  $ 800,000 
Drawworks and A c c e s s o r i e s  415,000 
Rotary and T r a v e l i n g  Equipment 2 6 0 , 0 0 0  
8h0,OOO Mud Pump and Components 
D r i l l  S t r i n g  770 ,000  
BOP 3 2 5 , 0 0 0  
Handling Tools  9 2 , 0 0 0  
Misce l laneous  5 0 , 0 0 0  
Flame J e t  D r i l l i n g  Modules 
Oxygen System 1 5 , 0 0 0  
Common Modules 
A i r  System 74 5,850 
Water System 3 7 , 0 0 0  
Primary Power System 1,200,000 
Fuel  System 13,000 
Misce l laneous  1 1 5 , 0 0 0  $ 5 , 6 7 7 , 8 5 0  
2 .  Umbi l ica l  System 
Umbi l ica l  2 ,327 ,000  
T r a n s p o r t a t i o n  Reels 544 ,000  
Winching Mechanism 1,000,000 
A u x i l i a r y  Components 
Umbil ical  Guide S t r u c t u r e  30,000 
S 1 ip/Grab Mechanism 7 5 , 0 0 0  
F i s h i n g  Tools  200 ,000  4 , 1 7 6 , 0 4 0  
3 .  Down Hole Burner System 
Burner 5 ,000  
Motor 30,000 
Valv ing/Cont ro l  System 25 ,000  
Sensor  System 40,000 
S t e e r i n g  Tool 7 5 , 0 0 0  
T h r u s t e r  125 .000  
4 .  Contro l  System 
Dr i l le r ' s  Console 
Convent ional  D r  ill ing  C o n t r o l s  6 8 , 7 0 0  
Flame Jet  D r i l l i n g  C o n t r o l s  60,000 
Subsystems 4 0 , 0 0 0  
Cable,  Connectors ,  J u n c t i o n  Boxes 25,000 
5 .  System Rig Up, T e s t ,  Rig Down 
T o t a l  System Component Cost 
8 .  S p e c i f i c  D r i l l i n g  System Cost :  
1. 
2 .  Flame Jet  D r i l l i n g  System Cost 
Convent ional  Rotary  D r i l l i n g  System Cost 
T o t a l  System Cost 
300.000 
1 9 3 , 7 0 0  
450 ,000  
$10 ,797 ,590  
$ 5 ,247 ,600  
5,54 9 ,990  
$10 ,797 ,590  
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VII. THERMAL SPALLATION DRILLING RIG OPERATION CHARACTERISTICS 
The thermal  s p a l l a t i o n  d r i l l i n g  r i g  i s  t h e o r e t i c a l l y  
designed t o  d r i l l  any type  of w e l l  i n  any t y p e  of geology. 
T h i s  can be done by us ing  t h e  convent iona l  r o t a r y  d r i l l i n g  
c a p a b i l i t y  f o r  a l l  nonspa l l ab le  rock d r i l l i n g  and t h e  f l a m e  
j e t  r i g  f o r  s p a l l a b l e  rock d r i l l i n g .  The convent iona l  d r i l l i n g  
r i g  w i l l  a l s o  be used t o  perform a l l  c a s i n g  o p e r a t i o n s  and t o  
d r i l l  through a l l  cement placements.  Flame j e t  o p e r a t i o n s  can 
n o t  be used on cement placements because s o m e  af t h e  cement may 
s t i l l  be i n s i d e  t h e  c a s i n g .  U s e  of  a f l a m e  j e t  i n s i d e  t h e  
c a s i n g  can r e s u l t  i n  e x t e n s i v e  damage t o  t h e  c a s i n g .  
Cont ro l  of convent iona l  r i g  o p e r a t i o n s  w i l l  be performed 
i n  t h e  normal manual mode of  o p e r a t i o n  w i t h  due c o n s i d e r a t i o n  
g iven  t o  p e n e t r a t i o n  ra te ,  b i t  RPM, weight on b i t ,  e tc .  Hole 
d e v i a t i o n  w i l l  be c o n t r o l l e d  by us ing  t h e  proper  down h o l e  
a s sembl i e s  associated w i t h  d r i l l  p i p e  r o t a t i o n  o r  down h o l e  
motor r o t a t i o n  o p e r a t i o n s .  
Conversely,  flame j e t  d r i l l i n g  w i l l  be c o n t r o l l e d  i n  a 
m o r e  automated way because of t h e  system c a p a b i l i t y  t o  m a i n t a i n  
two-way communication wi th  t h e  down h o l e  equipment. 
Feed ra te  i s  an example of t h i s .  
i n d i c a t e s  t h a t  there i s  an  optimum s tand-of f  d i s t a n c e  between 
t h e  burner  and t h e  bottom of t h e  w e l l .  Thus, feed r a t e  i s  
dependent upon t h e  speed w i t h  which t h e  rock w i l l  s p a l l ,  o r  t h e  
speed w i t h  which hole  i s  made. Main ta in ing  f eed  r a t e ,  however, 
r e q u i r e s  coord ina t ion  between t h e  feed r a t e  sens ing  mechanism, 
t h e  winching mechanism, and t h e  t r a n s p o r t a t i o n  reels.  This  
c o o r d i n a t i o n  can be f u r t h e r  enhanced by t h e  automation 
c a p a b i l i t y .  
This  
communication capability provides many advantages for the rig. 
Flame j e t  d r i l l i n g  expe r i ence  
Hole gauge, o r  c o n s i s t e n t  h o l e  c l e a r a n c e ,  must a l s o  be 
maintained because of  t h e  importance of  provid ing  a c o n s i s t e n t  
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annulus  between t h e  c a s i n g  and t h e  w e l l  w a l l  f o r  purposes  of 
cementing. F u r t h e r ,  a minimum h o l e  gauge i s  r e q u i r e d  t o  
ensu re  t h e  a b i l i t y  t o  p u t  c a s i n g  i n  t h e  w e l l ,  o r  t o  p reven t  
t h e  burner  from becoming jammed i n  t h e  w e l l .  
Hole gauge i s  probably dependent upon f eed  r a t e ,  t y p e  of 
rock being p e n e t r a t e d ,  j e t  tempera ture ,  and exhaus t  m a s s  
v e l o c i t y  c h a r a c t e r i s t i c s .  Burner r o t a t i o n  may a l s o  be 
impor t an t  t o  t h i s  because of t h e  angu la r  p o s i t i o n  of  t h e  
burner  nozz les .  Because t h e  i n t e r r e l a t i o n s h i p s  of t h e s e  
c h a r a c t e r i s t i c s  are  n o t  w e l l  understood,  r e s e a r c h  i s  t h i s  a r e a  
w i l l  be r equ i r ed .  
A s  noted,  burner  r o t a t i o n  may be involved i n  ma in ta in ing  
c o n s t a n t  h o l e  gauge. Linde u s e s  burner  r o t a t i o n  t o  ma in ta in  
minimum h o l e  gauge. When t h e  burner  i s  r o t a t e d ,  t h e  r i b s  and 
reamer l u g s  on t h e  burner  water j a c k e t  w i l l  c l e a r  away non- 
s p a l l a b l e  m a t e r i a l  and/or fused  m a t e r i a l  t h a t  has  been so f t ened  
by t h e  f l a m e  j e t .  F u r t h e r ,  t h e  t o r q u e  gene ra t ed  by t h i s  
c l e a r i n g  a c t i o n  i s  used t o  assist  i n  de te rmining  t h e  r e q u i r e d  
f e e d  ra te .  I f  t h e  to rque  i s  t o o  h igh ,  as might b e ' c r e a t d d  by a 
t i g h t  h o l e  o r  t o o  much rock t o  be c l e a r e d  away, t h e  f eed  r a t e  
w i l l  be slowed down so t h a t  more s p a l l a t i o n  a c t i o n  w i l l  occu r .  
Consider ing t h e  above fac tors ,  burner  r o t a t i o n  appea r s  t o  be 
impor tan t  i n  main ta in ing  c o n s i s t e n t  h o l e  gauge and d r i l l i n g  
o p e r a t i o n s .  More r e s e a r c h  i s  r e q u i r e d  i n  t h i s  area. 
C a p a b i l i t y  t o  ma in ta in  r e q u i r e d  h o l e  a n g l e ,  whether 
v e r t i c a l  or d e v i a t e d ,  i s  extremely impor tan t .  F igu re  35 
i n d i c a t e s  hole d e v i a t i o n  i n  t h e  t w o  d e e p e s t  f l a m e  j e t  h o l e s  
d r i l l e d  by Browning Engineer ing.  Browning b e l i e v e s  t h e  h o l e  
d ivergence  a t  t h e  Coleman Quarry  w a s  due t o  t h e  d e s i r e  t o  d r i l l  
as f a s t  a s  p o s s i b l e .  During t h a t  d r i l l i n g  o p e r a t i o n ,  t h e  
burner  was p laced  close t o  t h e  bottom of t h e  h o l e  and l i t t l e  
s i d e  c l e a r a n c e  w a s  maintained.  I n  t h e  o t h e r  h o l e ,  p e n e t r a t i o n  
r a t e  w a s  reduced and a l a r g e  s i d e  c l e a r a n c e  main ta ined .  The 
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ABSTRACT 
I n  t h e  i n i t i a l  s tudy  of  flame j e t  d r i l l i n g  systems,  it 
w a s  noted t h a t  t h e  des ign  concept  had n o t  o n l y  s i g n i f i c a n t  
economic advantages,  b u t  a l so  s e v e r e  t e c h n i c a l  problems when 
us ing  an  u m b i l i c a l  t ype  system. 
advantages ,  L o s  A l a m o s  Nat iona l  L a b o r a t o r i e s  conceived a new 
and d i f f e r e n t  d e s i g n  approach t o  t h i s  problem. The purpose 
of t h i s  s tudy  i s  t o  economically and t e c h n i c a l l y  e v a l u a t e  
t h i s  new approach. 
Because of  t h e  economic 
The methodology used i n  t h i s  s tudy  i s  s i m i l a r  t o  t h a t  
used i n  t h e  o r i g i n a l  s tudy  i n  t h a t  each component of  t h e  
system w a s  t e c h n i c a l l y  eva lua ted  and t h e n  cos t ed .  This  d a t a  
w a s  t hen  a p p l i e d  t o  a computer model t o  e v a l u a t e  t h e  economic 
p o t e n t i a l  of  t h e  system. 
The r e s u l t s  of  t h i s  s tudy  i n d i c a t e  t h a t  t h i s  new d e s i g n  
s h a r p l y  reduces  t h e  cost  of  d r i l l i n g  o p e r a t i o n s  below 3 2 0 0  
feet  when drilling a 15,000 foo t  hole. Cost reductions range 
from 45% t o  49%, depending upon t h e  t y p e  of equipment used.  
F r o m  a t e c h n i c a l  viewpoint ,  t h e  concept  appea r s  v i a b l e .  
Although no seve re  t e c h n i c a l  problems are envis ioned ,  it i s  
s t r o n g l y  recommended t h a t  t h e  system be thorougly  ana lyzed ,  
engineered ,  and t e s t e d  p r i o r  t o  any f i e l d  t e s t i n g .  F a i l u r e  
t o  do so could  r e s u l t  i n  s e r i o u s  problems. 
i 
I PURPOSE AND METHODOLOGY O F  THE STUDY 
The thermal  s p a l l a t i o n  d r i l l i n g  system designed and 
eva lua ted  i n  t h e  body of t h e  main r e p o r t  used an umbi l i ca l  o r  
hose a s  a means t o  t r a n s p o r t  a i r ,  oxygen, f u e l ,  and water from 
t h e  s u r f a c e  t o  t h e  down h o l e  burner  system. This  umbi l i ca l  
a l so  provided a mechanical l i n k  between t h e  two systems. When 
t h e  concept  w a s  t e c h n i c a l l y  eva lua ted ,  it w a s  noted t h a t  t h e  
use  o f  an umbi l i ca l  g r e a t e r  t han  approximately 7 0 0 0  f e e t  i n  
l e n g t h  would p r e s e n t  engineer ing  d e s i g n  problems and f i e l d  
o p e r a t i o n a l  problems t h a t  would be extremely d i f f i c u l t ,  i f  n o t  
imposs ib le ,  t o  overcome. However, t h e  economic e v a l u a t i o n  
i n d i c a t e d  t h a t  t h e  d r i l l l n g  economics of a flame j e t  system 
were f a r  s u p e r i o r  t o  t h o s e  of a convent iona l  r o t a r y  r i g  when 
d r i l l i n g  h o l e s  i n  g r a n i t e .  Thus, it became appa ren t  t h a t  a 
d i f f e r e n t  means of communicating wi th  and mechanical ly  l i n k i n g  
t h e  down ho le  burner  t o  t h e  s u r f a c e  equipment was needed. A 
system t h a t  may overcome t h e s e  d i f f i c u l t i e s  has  been envis ioned  
by L o s  Alamos Nat iona l  Labora to r i e s  ( L A N L ) .  I t  i s  t h e  purpose 
of t h i s  supplemental  r e p o r t  t o  both  t e c h n i c a l l y  and economically 
e v a l u a t e  t h i s  new system. 
To ach ieve  t h e  above s t a t e d  purpose,  a thermal  s p a l l a t i o n  
r i g  s h a l l  be concep tua l ly  des igned  us ing  both  t h e  LANL concept  
and a p p l i c a b l e  informat ion  from t h e  o r i g i n a l  s tudy wherever 
p o s s i b l e .  The des ign  and economic c h a r a c t e r i s t i c s  of t h i s  new 
des ign  s h a l l  t hen  be inco rpora t ed  i n t o  t h e  p r e v i o u s l y  ,developed 
comparative d r i l l i n g  economic model t o  de te rmine  t h e  economic 
advantage of t h e  system. An a n a l y s i s  o f  bo th  t h e  t e c h n i c a l  and 
economic r e s u l t s  w i l l  t hen  be made. 
1 
I1 THERMAL SPALLATION DRILLING R I G  D E S I G N  u 
A .  Design Overview 
The des ign  philosophy used f o r  t h i s  r i g  w i l l  be s imi la r  
t o  t h a t  of t h e  flame j e t  r i g  designed i n  t h e  main r e p o r t .  
I n  t h a t  des ign ,  t h e  d r i l l i n g  r i g  could  be used e i t h e r  a s  a 
convent iona l  r o t a r y  r i g  o r  a s  a flame j e t  r i g .  Conversion 
t i m e  was k e p t  as  s h o r t  a s  p o s s i b l e .  
t h a t  a l l  components w e r e  commercially a v a i l a b l e  and t h u s  
component c o s t  d i d  - n o t  i nc lude  development and/or f i e l d  t e s t  
c o s t .  This  economic assumption i s  necessary  t o  perform an 
e q u i t a b l e  e v a l u a t i o n  between t h e  convent iona l  r i g  and t h e  
f l a m e  j e t  r i g .  
The d e s i g n  a l so  assumed 
B.  Rig S p e c i f i c a t i o n s  
The f l a m e  j e t  system t o  be designed must be capab le  of 
d r i l l i n g  t h e  g e n e r i c  well models e s t a b l i s h e d  i n  t h e  main 
r e p o r t .  For purposes  of t h i s  , report ,  however, only g e n e r i c  
w e l l  model N o .  1 w i l l  be used.  Th i s  model is noted i n  
F i g u r e  1. I t  2s f u r t h e r  assumed t h a t  t h i s  w e l l  i s  v e r t i c a l  
and does n o t  d e v i a t e  o u t .  
The s p a l l a t i o n  o p e r a t i o n  w i l l  he accomplished by us ing  
and a i r / f u e l  system. The volume and c h a r a c t e r i s t i c s  of t h e  
f l u i d s  used w i l l  be a s  fol lows:  
1.) Fuel  
Propane g a s  C3H8 s h a l l  be used a s  t h e  f u e l .  
Propane g a s  and a i r  i g n i t e  as follows: 
C3H8 + 502 + 18.88N2 = 4H2C + 3C02 + 18.88N2 
*Wt/lb Fuel :  1 + 3.63 + 3.2.0 = .1.63 -k 3 . 0  + 12 .0  
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Weight of  Fuel :  
s. g .  of  C3H8 = .582 
1 g a l  C3H8 = ( .582) (8.357) = 4 . 8 6  l b s  
Using Lynde experimental  mix tu re  of 7 2  gph of  propane: 
7 2  gph = 1 . 2  gpm 
1 . 2  gpm = ( 1 . 2 )  (36.39) = 43.67 cfm pronane 
Frorn t h e  above equa t ions ,  15.63 l b s  of a i r  w i l l  be 
r e q u i r e d  fo r  each pound of f u e l .  
Lbs of  a i r /min  r e q u i r e d  = ( 1 . 2 )  (4.86) (15.63) = 91.15 
91.15 l b s  of a i r /min  = (91.15) (13.10) = 1 1 9 4 . 1 2  cfm a i r  
Water 
A s  noted i n  t h e  main r e p o r t ,  water i s  used f o r  
coo l ing  t h e  burner ,  coo l ing  t h e  w e l l  w a l l s ,  quenching 
rock p a r t i c l e s ,  and a s s i s t i n g  i n  t h e  l i f t  p rocess .  
Water w i l l  be consumed a t  t h e  r a t e  of  20 q p a w i t h  a 
s u r f a c e  pump p r e s s u r e  of 2 0 0  p s i .  
Boost A i r  
I t  w a s  noted i n  t h e  main r e p o r t  t h a t  approximately 
2850 cfm of boos t  a i r  w a s  r e q u i r e d  a t  c e r t a i n  t i m e s  t o  
assist  i n  removal of c u t t i n g s  from t h e  ho le .  This  
volume s h a l l  a l s o  be used i n  t h i s  r e p o r t  even though 
t h e  t r u e  v a l u e  r e q u i r e d  f o r  d r i l l i n g  w i t h  propane may 
be s l i g h t l y  d i f f e r e n t .  
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C.  R i q  Desisn 
The envis ioned  r i g  d e s i g n  i n t e g r a t e s  a flame j e t  
d r i l l i n g  system i n t o  a convent iona l  r o t a r y  d r i l l i n g  r i g  as 
noted i n  F i g u r e  2 .  T h i s  concept  c o n s i s t s  of  t h e  f o u r  main 
systems i n d i c a t e d  i n  F i g u r e  3 .  The f o u r  main systems are: 
Sur face  System 
Down Hole Transpor t  System 
Down Hole Burner System 
Cont ro l  System 
These are  e s s e n t i a l l y  t h e  f o u r  main systems used i n  t h e  
o r i g i n a l  des ign ,  except  t hey  a re  modified t o  e l i m i n a t e  
many of t h e  i d e n t i f i e d  problems. 
I n  t h e  fo l lowing  s e c t i o n s  of t h i s  r e p o r t ,  each system 
and i t s  components s h a l l  be reviewed and/or concep tua l ly  
designed t o  t h a t  degree  which w i l l  a l l ow one t o  de te rmine  
i t s  capab i l i t i e s  and i t s  d e s i g n  c o n s t r a i n t s .  Even though 
t h i s  system i s  a mod i f i ca t ion  of t h e  o r i g i n a l  des ign ,  it 
i s  necessary  t o  provide  t h i s  amount of d e t a i l  work t o  
a s s u r e  t h e  f e a s i b i l i t y  of t h e  system so t h a t  i f  one desires 
t o  f u r t h e r  pursue t h i s  system, a sound conceptua l  d e s i g n  
base will have been established. 
It  i s  necessary  t o  emphasize t h a t  a l l  cost  estimates 
assume t h a t  t h e  components are made i n  q u a n t i t y  and t h a t  
engineer ing  costs  are - n o t  inc luded .  
estimated c o s t  can be developed t h a t  w i l l  be on a f a i r  and 
e q u i t a b l e  basis  w i t h  t h e  cost  of s t anda rd  equipment 
ob ta ined  from vendors.  The cost  e v a l u a t i o n  s h a l l  f u r t h e r  
assume t h a t  t h e  component can be made i n  a r easonab le  
manner and t h a t  i t s  d e s i g n  w i l l  p rovide  an  e f f i c i e n t  and 
r e l i a b l e  system. This  l a s t  assumption i s  a major fac tor  
t h a t  must be f u l l y  understood as  one p rogres ses  i n  
ana lyz ing  t h i s  r e p o r t .  
I n  t h i s  way a n  
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F i g u r e  2 
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THERMAL SPALLATION DRILLING RIG 
BLOCK DIAGRAM 
CONTROL SYSTEM 
Dril ler’s Console  
Convent ional  D r i l l i n g  C o n t r o l s  
Flame Jet  D r i l l i n g  C o n t r o l s  
Subsystems 
Cables ,  Connectors ,  J u n c t i o n  Boxes 
F i g u r e  3 
1. Surface  System 
Conventional D r i l l i n g  Modules 
Most of  t h e  equipment r e q u i r e d  f o r  convent iona l  
r o t a r y  d r i l l i n g  i s  inc luded  i n  t h i s  group.  I n  g e n e r a l ,  
they  are  s t anda rd  o i l  f i e l d  components and r e q u i r e  no 
mod i f i ca t ion  f o r  u s e  wi th  t h i s  system. Most of t h e s e  
components are  s i m i l a r  t o  t h o s e  used i n  t h e  o r i g i n a l  
s y s  t e m  . 
Mast, Subs t ruc tu re ,  and Accessor ies  
Mast, Subs t ruc tu re ,  BOP Ho i s t ,  Catwalks,  P ipe  Racks, 
Standpipe and Manifold,  Wi re l ine  Guide Assembly, 
Hanging Assembly, Deadl ine S t a b i l i z e r  
E s t i m a t e d  Cost:  $800 ,000  
Drawworks and Accessor ies  
Drawworks, Breaking System, Sand R e e l  Assembly, Crown 
S a f e t y  System, C a t l i n e  G r i p  Assembly, Rotary Table  
Emergency Drive 
Est2mated Cost :  $ 4 1 5 , 0 0 0  
Rotary and Trave l ing  Equipment 
Hook, Trave l ing  Block, Swivel ,  Sandl ine ,  W i r e  Rope and 
R e e l ,  Kel ly ,  Kel ly  Bushing, Kel ly  Wiper, Kel ly  V a l v e s ,  
Rotary Table ,  Rotary  Drive, Master Bushing, Rotary 
Hose 
Est lmated C o s t :  $ 2 6 0 , 0 0 0  
Mud pumps and Components 
Mud Pumps, P u l s a t i o n  Dampeners, V i b r a t o r  Hose, Mud 
Tanks, Sha le  Shakers ,  Desanders,  Desil ters,  Mixing 
Equipment, Suc t ion  H o s e  
Est imated Cost:  $ 8 4 0 , 0 0 0  
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0 D r i l l  S t r i n g  
D r i l l  P ipe  ( 1 6 , 0 0 0  f t . ) ,  Co l l a r s ,  Subs, Pup J o i n t s  
Estimated C o s t :  $ 7 7 0 , 0 0 0  
BOP 
Blowout P r e v e n t e r s ,  Choke and K i l l  Manifold,  Con t ro l s ,  
Manifold System, Hydraul ic  System 
E s t i m a t e d  C o s t :  $ 3 2 5 , 0 0 0  
Handling Tools 
E l e v a t o r s ,  Spinning Wrench, Tongs, Power Sub, Automatic 
S l i p s ,  S a f e t y  Clamps 
E s t i m a t e d  Cost:  $ 9 2 , 0 0 0  
Fue l  System 
Fue l  Tanks, Pumps 
Est imated C o s t :  $ 1 3 , 0 0 0  
Miscel laneous 
Dog House, Mud Storage ,  H o i s t  L ines  
E s t i m a t e d  Cost: $ 5 0 , 0 0 0  
9 
Flame J e t  D r i l l i n g  Modules 
This  group of modules re la tes  d i r e c t l y  t o  t h e  flame 
j e t  d r i l l i n g  o p e r a t i o n .  
Propane System 
I n  t h e  main s tudy ,  t h e  computer program f o r  flame j e t  
d r i l l i n g  of  t h e  f i r s t  g e n e r i c  w e l l  model e s t ima ted  t h a t  
1 8 2  hours  of flame j e t  o p e r a t i o n  w a s  r e q u i r e d  t o  d r i l l  
t h e  w e l l .  Using t h i s  t i m e  f a c t o r  and t h e  p r e v i o u s l y  
s p e c i f i e d  f u e l  u se  r a t e ,  it can be e s t ima ted  t h a t  
1 3 , 1 0 4  g a l l o n s  of  propane f u e l  w i l l  be r e q u i r e d  t o  d r i l l  
t h e  w e l l .  
T o t a l  Fuel  Consumption = ( 1 8 2 )  ( 7 2 )  = 1 3 , 1 0 4  g a l .  
Liquid propane i s  normally s t o r e d  i n  h o r i z o n t a l ,  s k i d  
mounted t anks  t h a t  are l e a s e d  and s e r v i c e d  by a s u p p l i e r  
of  t h e  f u e l .  This  c o s t  i n c l u d e s  an  unloading system, 
p i p i n g ,  s a f e t y  equipment, e tc .  This  t ype  of equipment 
w i l l  be r e q u i r e d  a t  t h e  d r i l l i n g  s i te .  
Est imated C o s t :  
Fue l  S torage ,  18,000 g a l .  System, 
Lease Cost  - $ 1 7 , 0 0 0  
Fue l  C o s t ,  L i q u i d  Propane - $ . 6 2  gal. 
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Pipe  L ines ,  Stand P ipes ,  Hoses, Valves 
A series of p i p e s ,  hoses ,  v a l v e s ,  e tc . ,  are r e q u i r e d  t o  
t r a n s p o r t  t h e  compressed a i r ,  t h e  w a t e r ,  and t h e  f u e l  
from t h e i r  compressors and/or s t o r a g e  t a n k s  t o  t h e  mixing 
v a l v e  l o c a t e d  on t h e  t r a v e l i n g  power sub.  The t h r e e  
f l u i d s  w i l l  t r a v e l  i n  s e p a r a t e  p i p e s  t o  t h e  mixing valve 
so t h a t  t hey  can be combined i n  t h e  proper  p r o p o r t i o n s  a t  
t h a t  p o i n t .  I f  t h e s e  f l u i d s  were mixed ea r l i e r ,  t hey  may 
tend  t o  s e p a r a t e  because of t h e  v e r t i c a l  t r a v e l  r e q u i r e d  
i n  t h e  s t a n d  p i p e .  A l s o ,  t h e  w a t e r  may tend  t o  co l l ec t  
a t  t h e  bottom of t h e  loop  i n  t h e  hanging hose bundle and 
thereby  block passage of t h e  o t h e r  f l u i d s .  
The p ip ing  system w i l l  c o n s i s t  of  t h r e e  main s e c t i o n s .  
The f i r s t  s e c t i o n  w i l l  t r a n s p o r t  t h e  f l u i d s  from t h e  
compressors and t anks  t o  t h e  r i g  s u b s t r u c t u r e .  This  
s e c t i o n  w i l l  be made up from hoses  so t h a t  t h e  placement 
of  t h e  compressors and t anks  can  be somewhat f l e x i b l e .  
The second s e c t i o n  w i l l  t r a n s p o r t  t h e  f l u i d s  v e r t i c a l l y  
up t h e  s i d e  of t h e  r i g  s u b s t r u c t u r e  and t h e  m a s t .  This  
s e c t i o n  s h a l l  c o n s i s t  of hard p i p e  permanently b o l t e d  t o  
t h e  v a r i o u s  s t r u c t u r a l  e lements .  The t h i r d  s e c t i o n  w i l l  
t r a n s p o r t  t h e  f l u i d s  from t h e  t o p  o f  t h e  v e r t i c a l  p i p e  
t o  t h e  t r a v e l i n g  power sub. This  s e c t i o n  s h a l l  c o n s i s t  
of a bundle of t h r e e  hoses  and a s teel  s a f e t y  c a b l e .  The 
hoses  s h a l l  be clamped a t  se t  i n t e r v a l s  t o  t h e  s a f e t y  
c a b l e  so t h a t  t hey  w i l l  n o t  f a l l  free i n  t h e  even t  of  
r u p t u r e .  A l l  components i n  t h e  t h r e e  s e c t i o n s  s t a t e d  
above s h a l l  be designed t o  wi ths t and  t h e  necessary  system 
p r e s s u r e s .  N o  des ign  problems are  a n t i c i p a t e d .  
Estimated C o s t :  $ 2 0 , 0 0 0  
11 
dus 
Mixing Valve 
This  va lve  i s  l o c a t e d  on t h e  t r a v e l i n g  power sub.  I t s  
main f u n c t i o n  i s  t o  combine t h e  a i r ,  t h e  w a t e r ,  and t h e  
f u e l  i n  t h e  r equ i r ed  p r o p o r t i o n s  p r i o r  t o  e n t e r i n g  t h e  
power sub. A remote c o n t r o l l e d ,  e l ec t r i ca l  shut-off  
v a l v e  s h a l l  be p laced  between t h e  mixing v a l v e  and t h e  
power sub  so t h a t  t h e  f l u i d s  can be s h u t  o f f  whenever 
t h e  power sub  i s  disengaged from t h e  down ho le  t r a n s -  
p o r t a t i o n  system, o r  i n  t h e  even t  o f  an  emergency. N o  
engineer ing  problems are  a n t i c i p a t e d  i n  t h e  des ign  of  
t h i s  equipment. 
E s t i m a t e d  Cost:  
Mixing Valve,  E l e c t r i c  Shut-off Valve, 
E lec t r i c  Cable - $ 5 , 0 0 0  
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C i r c u l a t i o n  Cont ro l  System 
Because of  t h e  p r e s s u r e  r e q u i r e d  i n  t h e  down h o l e  t r a n s -  
p o r t a t i o n  system, and t h e  t i m e  r e q u i r e d  t o  b u i l d  up t h i s  
p r e s s u r e ,  a dev ice  i s  r e q u i r e d  t o  ma in ta in  t h i s  p r e s s u r e  
whenever t h e  down ho le  t r a n s p o r t a t i o n  system i s  d i s -  
engaged f r o m  t h e  t r a v e l i n g  power sub. Such c o n d i t i o n s  
can  occur  when adding a new s e c t i o n  o f  p ipe ,  du r ing  
c e r t a i n  r e p a i r  o p e r a t i o n s ,  e tc .  A dev ice  t h a t  may solve 
t h i s  problem i s  noted i n  F i g u r e  4. This  dev ice  i s  
capable  of d i v e r t i n g  t h e  f l u i d  p r e s s u r e  and f low from 
t h e  bottom o f  t h e  s t and  p i p e  t o  a shut-off  v a l v e  d i r e c t l y  
above t h e  down h o l e  t r a n s p o r t a t i o n  system. The shut-off  
valve al lows t h e  a d d i t i o n  of  p i p e  wi thou t  t h e  loss of 
down h o l e  p r e s s u r e .  N o  eng inee r ing  problems are 
envis ioned  i n  t h e  des ign  of t h i s  equipment. 
The problem of adding new s e c t i o n s  of p i p e  t o  t h e  down 
h o l e  t r a n s p o r t a t i o n  system must be thoroughly eva lua ted  
because of t h e  p o t e n t i a l  of c r e a t i n g  an  explos ion  due t o  
t h e  u n i g n i t e d  f u e l  t h a t  w i l l  accumulate i n  t h e  ho le .  Th i s  
w i l l  be d i scussed  i n  d e t a i l  i n  a l a t e r  s e c t i o n  of t h i s  
r e p o r t .  
Est imated C o s t :  
C i r c u l a t i o n  Cont ro l  V a l v e ,  E l e c t r i c  F l o w  
Cont ro l  Valve, P ip ing ,  E l e c t r i c  Cable - $ 3 , 0 0 0  
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Ref- Cltd 
071 ABSlRACT 
An apparatus for muntuning 1 continuous supply of air 
pressure downhole dunng a well bore dnlling open- 
tion. even dunng the addition of a pipe xcuon to the 
dnll stnng. and compnsing a housing insulled at the 
surface of the well at the postlion of the dnlling q u i p  
mcnt whcrnn the upper end of the dnll stnng u up.- 
rated from the dnve mcchmnm in order that a new 
piece of dnll pipe may be added 10 the dnll slnng. 8 
flapper or closure member pivoully secured within the 
housing normally held ID an open position by Ihc outer 
p n p h c r y  of the dnll stnng and spnng urged in II dim- 
lion t o w i d  the open a d  of the sleeve through which 
the dnvc mcchanum p u r a  when the dnve  mechanism 
has been backed off or removed for the d d i u o n  of a 
-on of pipe to the dnll sumg. and a by-pw line in 
communiauon wlh  the intenor of the housing for 
. 
... . 
m'mar). Eiomiaw-Stephen 1. Novowd 
Airorry. Agrnr, 01 F i n n - t I d  h Johnson 6 mmr, 1 Drlring F l p n  
CIRCULATION CONTROL VALl'E 
. F i g u r e  4 
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Common Modules 
A i r  System 
The a i r  system s h a l l  be s i m i l a r  t o  t h e  o r i g i n a l  f l a m e  j e t  
des ign  as noted i n  F igu re  5. System p r e s s u r e s  may, 
however, va ry  from t h o s e  noted ,  based upon o p e r a t i o n a l  
requi rements .  F u r t h e r ,  t h e  8 0 0  SCFM compressor w i l l  have 
t o  be upgraded t o  a h ighe r  p r e s s u r e  l eve l  so t h a t  it can 
be hooked d i r e c t l y  i n t o  t h e  5 0 0  p s i  l i n e .  
The costs  s t a t e d  i n  F igu re  5 re la te  t o  t h e  purchase of 
t h e  equipment noted. For purposes  of t h i s  r e p o r t ,  
equipment c o s t s  s h a l l  be eva lua ted  t w o  ways, t h e  f i r s t  
being t h e  purchase c o s t  and t h e  second being a r e n t a l  o r  
lease cost .  The advantages of l e a s i n g  o r  r e n t i n g  l i e  i n  
paying f o r  t h e  equipment on ly  when it i s  needed, and t h e  
equipment i s  normally i n  good c o n d i t i o n .  Rotary d r i l l i n g  
a i r  i s  c o s t e d  s e p a r a t e l y  and w i l l  be  inc luded  i n  t h e  
o r i g i n a l  cos t  of  t h e  r i g .  
Est imated C o s t :  
0 Equipment Purchase 
Rotary D r i l l i n g  A i r  
Flame J e t  D r i l l i n g  A i r  
- $ 6,850 
- $733,000 
0 Equipment Rental  
Flame J e t  D r i l l i n g  A i r  
1-C25 Centac 2500 cfm, 125 p s i  - $600/day 
1 - I R  Trailer 1 1 5 0  cfm, 1 2 5  p s i  - $400/day 
1 - I R  A i r  P r e s s u r e  Booster  1500 p s i  - $800/day 
0 Equipment Maintenance - $1000/mo.  
I t  should be noted t h a t  t h e  above s t a t e d  r e n t a l  equipment 
i s  a l l  d i e s e l  powered. The r e n t a l  r a t e  w i l l  decyease if 
electr ic  motor powered eauipment can be found. E lec t r i c  
motors can be powered by t h e  r i g  primary power system. 
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With r e g a r d  t o  d i e s e l  f u e l  consumption, a rough estimate 
i s  as fo l lows :  
C 2 5  Centac Compressor 8 0 0  ga ls . /24  h r .  day 
I R  Trai ler  Compressor 4 0 0  ga l s . / 24  h r .  day 
I R  A i r  P r e s s u r e  Booster  8 0 0  ga ls . /24  h r .  day 
I t  should a l s o  be noted t h a t  a c o s t  of  $ 2 0 0 / 2 4  h r .  day 
has  been added t o  t h e  C 2 5  Centac day ra te .  This  cove r s  
t h e  c o s t  of t h e  4 0  gpm water  coo l ing  system r e q u i r e d  t o  
p r o p e r l y  o p e r a t e  t h e  Centac.  
17 
Water System 
The water  system s h a l l  be s imi la r  t o  t h a t  used i n  t h e  
o r i g i n a l  flame j e t  des ign .  
E s t i m a t e d  Cost :  $ 3 7 , 0 0 0  
Primary Power System 
The primary power system s h a l l  be s i m i l a r  t o  t h a t  used 
i n  t h e  o r i g i n a l  flame j e t  des ign .  The power d i s t r i b u t i o n  
system s h a l l  be d i f f e r e n t  i n  t h a t  t h i s  new flame j e t  
system does n o t  r e q u i r e  t h e  powered s u r f a c e  equipment of 
t h e  o r i g i n a l  des ign .  Thus, a much s imple r  d i s t r i b u t i o n  
system w i l l  be used.  
Est imated Cost:  $1,200,000 
Miscel laneous 
The misce l laneous  components c o n s i s t  of a series of t o o l s  
and components used wi th  e i t h e r  d r i l l i n g  system. They 
are s t anda rd  o i l  f i e l d  components and w i l l  need l i t t l e  o r  
no mod i f i ca t ion .  
Est imated C o s t :  
F i re  F i g h t i n g  Equipment 
H a n d  Tools 
Tool House 
Wire Line System 
Welding Tools 
Rig L i g h t s  
Other 
- $ 20,000 
- 20,000 
- 12,000 
8 , 0 0 0  - 
- 5,000 
- 20,000 
- 30,000 
T o t a l  - $ 1 1 5 , 0 0 0  
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2 .  Down H o l e  Transpor t  System 
0 Pipe  
The purpose of t h e  down ho le  t r a n s p o r t  system i s  t o  
t r a n s f e r  t h e  working f l u i d s  f o r  flame j e t  d r i l l i n g  from 
t h e  s u r f a c e  system t o  t h e  down hole  burner  system, and t o  
provide  a p h y s i c a l  l i n k  between these t w o  e l e m e n t s .  The 
system used i n  t h i s  des ign  i s  t o t a l l y  d i f f e r e n t  from t h a t  
of t h e  o r i g i n a l  des ign .  I n  t h i s  des ign ,  t h e  a i r ,  f u e l ,  
and w a t e r  are  mixed t o g e t h e r  by t h e  mixing v a l v e  on t h e  
t r a v e l i n g  power sub  and then  t r a n s p o r t e d  down hole  t o  t h e  
burner .  The t r a n s p o r t  system used i s  t h e  convent iona l  
d r i l l  p i p e  used by t h e  d r i l l i n g  r i g .  Thus, no a d d i t i o n a l  
s u r f a c e  equipment o r  cost  i s  r e q u i r e d .  
I n  t h e  event  problems a re  encountered i n  t h e  mixing and 
s e p a r a t i o n  of t h e  three f l u i d s ,  Con-Cor p i p e ,  F i g u r e  6 ,  
manufactured by t h e  Walker-Neer Co., Wichita F a l l s ,  
Texas, can be used. This  p i p e  c o n s i s t s  of a modif ied 
d r i l l  p i p e  and a c o n c e n t r i c a l l y  o r i e n t e d  i n n e r  t ube  t h a t  
i s  f i e l d  removable f o r  easy  s e r v i c i n g .  The o u t e r  p i p e s  
a r e  connected wi th  s p e c i a l  t h r e a d  forming m e t a l  t o  meta l  
s e a l s .  The i n n e r  t u b e s  t e l e s c o p e  t o g e t h e r  and seal  by 
means of e l a s t o m e r - t o - m e t a l  seals. Thus,  t h e  pipe 
annulus  i s  sealed o f f  f r o m  t h e  i n n e r  t ube  passage.  I f  
t h i s  p i p e  i s  used,  t h e  f u e l  can be t r a n s p o r t e d  s e p a r a t e l y  
i n  t h e  i n n e r  t ube ,  and t h e  air/water mix tu re  t r a n s p o r t e d  
down t h e  annulus .  
R 
Because of t h e  d u a l  p i p e  system, main ta in ing  system 
p r e s s u r e  and keeping t h e  f l u i d s  sepa ra t ed  du r ing  t h e  
a d d i t i o n  of a new j o i n t  of p i p e  t o  t h e  d r i l l  s t r i n g  w i l l  
p r e s e n t  s o m e  problems ., Thus, the c i r c u l a t i o n  c o n t r o l  
valve,  F igu re  4 ,  w i l l  have t o  be redes igned .  
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cus I f  no problems are  encountered i n  t h e  mixing and s e p a r a t i o n  of t h e  t h r e e  f l u i d s ,  c o n s i d e r a t i o n  should 
be g iven  t o  us ing  a modif ied v e r s i o n  o f  t h e  Case While 
D r i l l i n g  (CWD) system. I n  t h i s  concept ,  t h e  c a s i n g  a c t s  
as t h e  d r i l l  s t r i n g ,  and t h e  down h o l e  burner  i s  t r i p p e d  
i n  and o u t  on a w i r e  l i n e .  The advantage of t h i s  system 
i s  t h e  r e d u c t i o n  of t r i p  t i m e .  I t  should be noted ,  
however, t h a t  t r i p  t i m e  i s  no t  an  impor tan t  f a c t o r  when 
f lame j e t  d r i l l i n g  because of t h e  p o t e n t i a l l y  h igh ,  
cont inuous t ime of making h o l e  wi th  t h e  flame j e t .  
Consider ing t h e  above concepts ,  t h e r e  does n o t  appear  t o  
be any s e r i o u s  engineer ing  problem i n  t h e  des ign  of t h e  
t r a n s p o r t  system. Because u s e  of  d r i l l  p i p e  i s  t h e  
s i m p l e s t  arld least  expensive so lub ion ,  it s h a l l  be used 
f i rs t  i n  t h i s  s tudy .  
N o  a d d i t i o n a l  costs are r e q u i r e d  when us ing  convent iona l  
d r i l l  p ipe .  The u s e  of Con-CorR p i p e  does ,  however, add 
cost  because a new d r i l l  s t r i n g  i s  r e q u i r e d .  This  s t r i n g  
w i l l  cost  approximately $ 1 , 5 0 0 , 0 0 0  f o r  1 5 , 0 0 0  f e e t  of  
p i p e  and w i l l  probably have t o  be r ep laced  i n  approx- 1 
ima te ly  1-1/2 y e a r s .  S ince  it i s  used on ly  p a r t  of t h e  
t i m e ,  an  a d d i t i o n a l  cost  of $250/hr. must be added t o  t h e  
flame j e t  o p e r a t i n g  ra te .  
Est imated C o s t :  
Conventional D r i l l  P ipe  - Cost  inc luded  w i t h  
convent iona l  r i g  
equipment 
Con-CorR D r i l l  Pipe - $250/hr. 
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Conventional Drill Pipe 
0 Flush OD Tool Joints, Plain End Pipe: 0 External Tool Joints, Plain End o r  Oil 
Country External Upset Pipe: 2%'' - 13%" O.D. 3%" - 13%" O.D. 
CON-COR@ Drill Pipe 
0 Flush O.D. Todl Joints, Plain End or In- 
ternal Upset Pipe: 2%'' - 5Yz" O.D. 
0 External Tool Joints, Plain End or Exter- 
nal Upset Pipe: 4%'' - 13%" O.D. 
CON-COR" DRILL P I P E  
F i g u r e  6 
Ref:  Walker-Neer C o .  , K i c h i t a  F a l l s ,  Texas 
2 1  
3 .  Down H o l e  Burner System 
The down h o l e  burner  system c o n s i s t s  of  t h e  flame 
j e t  burner  and t h e  necessary  c o n t r o l s  and guidance equip- 
ment r e q u i r e d  f o r  t h e  burner  t o  o p e r a t e  p rope r ly .  
combination of equipment w i l l  be assembled i n  a manner 
s i m i l a r  t o  t h a t  of F igu re  7 .  T h e  main components of t h e  
This  
assembly are: 
0 
0 
0 
0 
0 
0 
0 
F l u i d  Sepa ra to r  
E lec t r ic  Power Generator  
Sensor System ( o p t i o n a l )  
S t e e r i n g  Tool ( o p t i o n a l )  
F l u i d  P u l s a t i o n  Dampener 
Burner Cont ro l  
Burner 
These components are  a l l  mechanical ly  i n t e r l o c k e d .  A 
mechanical saver sub  o r  c a b l e  connector  i s  provided a t  
t h e  a f t  end of t h e  assembly t o  a l low connect ion  of t h e  
t o t a l  assembly t o  t h e  d r i l l  p i p e  o r  t o  a w i r e  l i n e .  
The cho ice  of connector  w i l l  be based upon t h e  f i n a l  
c o n f i g u r a t i o n  developed. 
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F l u i d  Sepa ra to r  
A s  p rev ious ly  s t a t e d ,  t h e  method of f l u i d  t r a n s p o r t a t i o n  
used from t h e  s u r f a c e  t o  t h e  down h o l e  burner  i s  t o  mix 
t h e  a i r ,  t h e  w a t e r ,  and t h e  f u e l  t o g e t h e r  a t  t h e  s u r f a c e  
and t r a n s p o r t  it t o  t h e  burner  system v i a  t h e  d r i l l  
s t r i n g .  A s  soon a s  t h i s  mixture  reaches t h e  burner  
system, it e n t e r s  a f l u i d  s e p a r a t o r .  T h i s  dev ice  i s  a 
mechanical mois ture  s e p a r a t o r  s i m i l a r  t o  t h a t  noted i n  
F igu re  8 .  The dev ice  works by means of c e n t r i f u g a l  
s e p a r a t i o n  a t  e i ther  h igh  o r  low v e l o c i t i e s .  
A s  noted i n  F i g u r e  9-A, t h e  vapor-laden f l u i d  e n t e r s  t h e  
s e p a r a t o r  and approaches t h e  he l ico id  t u y e r e .  The 
t u y e r e  forces a g radua l  change of f l u i d  d i r e c t i o n .  The 
p i t c h  a n g l e  of t h e  t u y e r e  b l a d e s  i s  designed so t h a t  t h e  
g a s  w i l l  c o n t a c t  t h e  f u l l  s u r f a c e  of  t h e  b l a d e s ,  which 
acts  a s  an  agglomerator .  The g a s  pas s ing  through t h e  
t u y e r e  i s  d i r e c t e d  inward by t h e  angu la r  edge of t h e  
b l ade ,  wh i l e  t h e  l i q u i d  p a r t i c l e s  are fo rced  toward t h e  
w a l l  by c e n t r i f u g a l  a c t i o n .  The l i q u i d  then  f lows down 
t h e  w a l l  s u r f a c e  t o  t h e  d r a i n ,  w h i l e  t h e  inward d i r e c t e d  
gas i s  fo rced  toward t h e  o u t l e t  tube .  The g a s  e n t e r s  t h e  
tube  and then  leaves t h e  s e p a r a t o r .  
Under proper  c o n d i t i o n s ,  t h i s  s e p a r a t o r  w i l l  o p e r a t e  as 
s t a t e d  above. H o w e v e r ,  t h e  s e p a r a t o r  des ign  must be 
f u l l y  eva lua ted  wi th  r ega rd  t o  t h e  f l o w  requi rements  of 
t h e  f l a m e  j e t  system. Q u e s t i o n s  of  immediate concenn 
are : 
- Can t h e  s e p a r a t o r  be des igned  t o  f i t  t h e  diametric 
space requi rements  of t h e  burner  system, and y e t  
e f f i c i e n t l y  and e f f e c t i v e l y  handle  t h e  l a r g e  volume 
of f l u i d s  r e q u i r e d  fo r  f l a m e  j e t  o p e r a t i o n ?  
- W i l l  t h e  e f f i c i e n c y  of  t h e  t u y e r e  be such t h a t  t h e  
a i r /propane  g a s  mixture  w i l l  be s u f f i c i e n t l y  ''dry'' 
24 
Gus 
t o  suppor t  i g n i t i o n ?  
- What i s  t h e  e f f e c t  of t h e  c e n t r i f u g a l  a c t i o n  on t h e  
a i r /p ropane  gas  r a t i o ?  
- I f  t h e  water i n  t h e  f l u i d  mix agglomerates  on t h e  
d r i l l  p i p e  w a l l  and then  f lows  down t h e  w a l l ,  w i l l  
t h i s  f l u i d  block t h e  i n l e t  t o  t h e  t u y e r e  and/or 
d i s r u p t  i t s  proper  o p e r a t i o n ?  
Although t h e  s e p a r a t o r  can purge w a t e r  from t h e  f l u i d  
mix, it must be understood t h a t  t h e  volume of  a i r  i n  t h e  
f l u i d  mix i s  used f o r  bo th  boos t  a i r  and combustion a i r .  
Thus, t h e  a i r /p ropane  g a s  mixture  must a l s o  be sepa ra t ed  
i n t o  i t s  t w o  b a s i c  components. This  i s  necessary  t o  
a s s u r e  t h a t  t h e  c o r r e c t  a i r /propane  r a t i o  i s  ob ta ined  
f o r  combustion purposes .  F u r t h e r ,  one does n o t  want t o  
u s e  t h e  propane g a s  as  a p a r t i c l e  l i f t  f l u i d .  
Consider ing t h e  above s t a t emen t s  and q u e s t i o n s ,  it may 
be d e s i r a b l e  t o  use  t h e  Con-CorR p i p e  system p rev ious ly  
desc r ibed .  I f  t h a t  system w a s  used,  t h e  propane g a s  
could be t r a n s p o r t e d  s e p a r a t e l y  i n  t h e  i n n e r  t ube  and 
t h e  a i r /water  m i x  i n  t h e  annu la r  area. I n  t h i s  way t h e  
propane gas w o u l d  remain dry and the  a i r  could be 
d i v i d e d  i n t o  i t s  two primary f u n c t i o n s  a f t e r  it leaves 
t h e  tuye re .  
Based on t h e  above, it would appear  t h a t  t h e  f l u i d s  can 
be  t r a n s p o r t e d  and s e p a r a t e d  p rope r ly .  However, t h i s  
area should be thoroughly i n v e s t i g a t e d  p r i o r  t o  any 
major development program. 
Estimated Cost:  $ 7 , 5 0 0  
2 5  
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MECHANICAL MOISTURE SEPARATOR 
F i g u r e  8 
R e f :  Burgess  Manning, Inc . ,  Dallas, Texas 
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0 Electr ic  Power Generator 
The purpose of  t h i s  dev ice  i s  t o  provide  power f o r  a 
spa rk  i g n i t i o n  system r e q u i r e d  t o  i g n i t e  t h e  a i r /p ropane  
mixture .  Previous  e v a l u a t i o n  of  d r i l l i n g  procedures  
s t a t e s  t h a t  t h e r e  are i n s t a n c e s  when t h e  burner  must be 
i g n i t e d  o r  r e - i g n i t e d  down ho le .  Thus, a down h o l e  
power source  i s  r equ i r ed .  
D o w n  ho le  power g e n e r a t o r s ,  F igu re  1 0 ,  have been b u i l t  
and used s u c c e s s f u l l y  i n  t h e  f i e l d .  I t  t h e r e f o r e  appea r s  
t h a t  an e f f e c t i v e  u n i t  can be b u i l t  f o r  t h i s  system. 
H o w e v e r ,  r edes ign  w i l l  be r e q u i r e d  t o  o b t a i n  t h e  proper  
e lectr ical  c h a r a c t e r i s t i c s  and t h e  proper  r o u t i n g  o f  t h e  
a i r ,  t h e  w a t e r ,  and t h e  propane g a s  through t h i s  dev ice .  
N o  s e r i o u s  engineer ing  problems are  envis ioned .  
Estimated C o s t :  $ 2 0 , 0 0 0  
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. DEEP WELLCAPABILITY 
. LOW PRESSURE DROP 
. EASY TO MAINTAIN 
W 
DESCR I PTlON 
The MI m o d e l  3500 and d e l  4000 d w n h o l e  turb lne generators are complete N2 power 
systems for d r l l l l n g ,  MI0 and product lon appl lcat lons.  b t h  nodels Inc lude mechanlcal power 
t r a i n .  58aIs. 0 1 1  e x l o s u r e ,  a l t e r n a t o r .  radlal  and t h r u s t  b a r l n g  systems, pressure 
compensator and means to m w n t  and connect t h e  u n l t s  I n t o  downhole hardware and 
I n s t r u w t a t l o n .  
The Compact and r e l l a b l e  brushless. permanent q n e t  a l t e r n a t o r  operates I n  an 0 1 1  
f l l l e d .  pressure b a l a n c d  enclosure. The ME1 patented Impulse t u r b l n e  p o r e  t r a l n  d e l l v e r s  
surp lus d r l v l n g  power at p r e d l c t a b l e  speeds. Yet, It can psis m s t  l o s t  c l r c u l a t l o n  
meterlats without plugging. The r l d e  range ot f lw ra tes accammdatd by t h e  systen can b'J 
extsndsd s l g n l f l c a n t l y  by lnterchanglng blade systems or flow bypass plates.  The u n l t r  
operate In  elthar a normal (blade down) or Inverted (blade up) Orlentatlon. 
Unl ts  are deslgned f o r  long I l f e .  and they are easy and KOMZIIIC t o  malntaln. 
C u s t o n l z d  englneer l rq  serv lce I s  p r o v l d d  to match unl ts  to each user's a p p l l c a t l o n .  
ALTERNATOR 
Type 
Number o f  Poles 
Conf igura t ion  
Max. Continuous Power @ 70°F 
Maximum Cur ren t  
DC No-load Voltage P 2.500 rpm 
OC No-load Vol tage P 5,000 rpn 
OC Voltage @ 10A. 2,500 rpm 
OC Voltage @ 10A. 5.000 rpn 
AC No-load Vol tage @ 5.000 rpm 
Max. Winding Temperature 
# 
MECHANICAL 
Turbine Shroud Diameter 
Body Diameter 
Turbine Speed. @SO0 gpm 
Pressure Drop Across Tool 
NORMAL OPERATING CONDITIONS 
Flow Rate 
Temperature 
OPTIONS 
External H w s l n g  
Flu14 Bypass P l a t e s  
Curtonlied VoltagelPorer 
L w  F l o r M l g h  Speed Blades 
Hlgh F l w  Blades (To 1200 GFW) 
DOWN HOLE ELECTRIC POWER GENERATING SYSTM 
MODEL 3500 MODEL 4000 
Three-phase, Permanent Magnet 
4 8 
w e  wy e 
500 Watts 1000 Watts 
12 Amps 10 Amps 
27 Vol ts  57 v o l t s  
54 Vo l t s  115 Vo l t s  
17 Vo l t s  
44 Vo l t s  
113 Vo l ts  
392°F (200°C) 392' (200°C) 
51 V o l t s  
107 Vo l t s  
145 Vo l t s  
4.250 in. 4.750 in .  
3.625 in.  3.750 in .  
5000 rpn 5000 RPM 
30 ps i  @ 350 GPM 
250 - 500 GPM 
70 - 300°F 
F i g u r e  10  
R e f :  Maurer Engineering, I n c . ,  Houston, Texas 
Sensor System ( o p t i o n a l )  
The senso r  system i s  an o p t i o n a l  system t h a t  i s  necessa ry  
i f  d i r e c t i o n  c o n t r o l  i s  r e q u i r e d .  I t  o b t a i n s  and t r a n s m i t s  
p o s i t i o n  and geo log ica l  d a t a  t o  t h e  s u r f a c e .  Th i s  d a t a  
i n c l u d e s  azimuth, i n c l i n a t i o n ,  t o o l  f a c e  o r i e n t a t i o n ,  e t c .  
A n  example of t h i s  t ype  of equipment i s  i l l u s t r a t e d  i n  
F igu re  11-A.  I n  t h a t  i l l u s t r a t i o n ,  t h e  s t e e r i n g  t o o l ,  t h e  
o r i e n t a t i o n  sub,  and t h e  e l ec t r i ca l  connec t ion  make up t h e  
s e n s o r  system. 
This  t ype  of  equipment i s  normally r e n t e d  o r  l e a s e d  from a 
service company. 
Est imated C o s t :  
Renta l  Rate 
S t e e r i n g  Tool ( o p t  iona  1 ) 
$2,00O/day 
The s t e e r i n g  ,001 i s  an o p t i o n a l  system L a t  i s  necessa ry  
i f  d i r e c t i o n a l  c o n t r o l  i s  r e q u i r e d .  A number of t h e s e  
d e v i c e s  are commercially avai lable ,  
c o n t r o l l e d  dev ice  a v a i l a b l e  i s  noted i n  F i g u r e  11-B. I t  
The on ly  e l e c t r i c a l l y  
must be used i n  con junc t ion  wi th  t h e  senso r  system 
p r e v i o u s l y  described. 
Th i s  t ype  of  equipment i s  normally r e n t e d  o r  l e a s e d  from a 
s e r v i c e  company. 
Estimated C o s t :  
Rental  R a t e  $2,00O/day 
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e e 
DRILL STEM SCHEMATIC 
WITH ELECTRICAL TELEPILOTE 
W 
P 
Heaw Weiaht 
(Thick 
I Colan 
41 
ELECTRICAL 
TYPE E 
TELEPILOT BENT - 0 - MATIC 
! 
DOWN HOLE DIRECTIONAL CONTROL SYSTEM 
F i g u r e  11 
R e f :  . SMF I n t e r n a t i o n a l ,  Paris, F r a n c e  
F l u i d  P u l s a t i o n  Dampener 
F l u i d  p u l s a t i o n  dampeners are  r e q u i r e d  t o  e l i m i n a t e  o r  
reduce t h e  non-s teady-s ta te  f l o w  of  t h e  a i r  and propane 
p r i o r  t o  t h e i r  e n t e r i n g  t h e  burner  c o n t r o l  system. The 
non-s teady-s ta te  c o n d i t i o n  i s  created by t h e  p u l s a t i o n  
e f f e c t s  of t h e  f l u i d  pumps and compressors,  p l u s  t h e  
e f f e c t s  of tempera ture  changes on t h e  f l u i d s  as they  
t r a v e r s e  t h e  l e n g t h  of t h e  d r i l l  s t r i n g .  E l imina t ion  of 
t h i s  c o n d i t i o n  i s  r e q u i r e d  so t h a t  an  even f lowing,  
p rope r ly  propor t ioned  a i r / f u e l  r a t i o  can be ob ta ined .  
The des ign  of t h i s  equipment i s  f a i r l y  s t anda rd .  Thus, 
no eng inee r ing  problems are  a n t i c i p a t e d .  
Est imated C o s t :  $ 1 5 , 0 0 0  
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Burner Cont ro l  
The burner  c o n t r o l  i s  a mechanism t h a t  meters t h e  a i r  and 
f u e l  t o  t h e  proper  r a t i o  p r i o r  t o  e n t r a n c e  i n t o  t h e  
combustion chamber. I t  a l s o  i n c o r p o r a t e s  t h e  i g n i t i o n  
c o n t r o l  and system. N o  eng inee r ing  problems are 
a n t i c i p a t e d  i n  t h e  des ign  of  t h i s  system. 
Est imated Cost:  $ 3 , 0 0 0  
Burner 
The burner  produces t h e  h igh  tempera ture ,  h igh  v e l o c i t y  
f l a m e  j e t  by i g n i t i o n  of t h e  a i r /propane  mixture .  
Burners can be ob ta ined  wi thou t  d i f f i c u l t y .  N o  
engineer ing  problems are  envis ioned .  
E s t i m a t e d  C o s t :  $3,000 
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4 .  Contro l  System 
crs 
The c o n t r o l  system i n c o r p o r a t e s  t h e  c o n t r o l s  necessary  
t o  o p e r a t e  both t h e  convent iona l  r o t a r y  r i g  and t h e  f lame 
j e t  r i g .  The system i s  s imi la r  i n  des ign  t o  t h a t  of t h e  
c o n t r o l  system used i n  t h e  o r i g i n a l  des ign ,  except  t h a t  it 
is  s impler  because fewer components are  involved.  N o  
eng inee r ing  problems a r e  a n t i c i p a t e d  i n  t h e  des ign  of t h i s  
equipment. 
Est imated Cost:  
0 Dril lers  Console 
Conventional D r i l l i n g  Con t ro l s  - $ 68,700 
Flame J e t  Con t ro l s  - 6 0 , 0 0 0  
Subsystems - 1 0 , 0 0 0  
Cables, Connectors,  J u n c t i o n  Boxes - 1 5 , 0 0 0  
T o t a l  - $153,700 
34 
D. Rig Cost  Summary 
An es t ima ted  c o s t  has  been made f o r  each of  t h e  
v a r i o u s  systems and components of  t h e  thermal  s p a l l a t i o n  
d r i l l i n g  r i g .  A s  p rev ious ly  s t a t e d ,  t h e s e  costs  are  based,  
when p o s s i b l e ,  upon vendor informat ion  and eng inee r ing  
d e s i g n  judgement. Thus, error i n  cos t  e s t i m a t i o n  i s  v e r y  
p o s s i b l e .  
I n  g e n e r a l ,  t h i s  error w i l l  be l i m i t e d  t o  t h e  f lame 
j e t  d r i l l i n g  equipment. F u r t h e r ,  t h i s  error w i l l  probably 
be mani fes ted  i n  under-est imat ing component cost .  There- 
f o r e ,  it can be s t a t e d  t h a t  i n  a l l  p r o b a b i l i t y  t h e  c o s t  of 
t h e  convent iona l  d r i l l i n g  system i s  f a i r l y  a c c u r a t e ,  wh i l e  
t h e  cost  of t h e  flame j e t  r i g  may be t o o  l o w .  An error 
f a c t o r  of  a s  much as 1 0 %  t o  1 5 %  may be involved i n  t h e  
flame j e t  r i g  c o s t .  
A t a b u l a t i o n  of a l l  c o s t s  involved i s  s t a t e d  i n  Table  
1. I t  should be noted t h a t  no cost  i s  s t a t e d  f o r  t h e  
propane system and t h e  flame j e t  d r i l l i n g  a i r .  Equipment 
f o r  bo th  o f  t h e s e  i t e m s  w i l l  be l e a s e d .  Propane g a s  w i l l  
be  purchased a s  needed. F u r t h e r ,  no cost  i s  s t a t e d  f o r  t h e  
t r a n s p o r t a t i o n  p i p e  because t h e  d r i l l  p i p e ,  which w a s  
p r e v i o u s l y  c o s t e d  wi th  t h e  d r i l l i n g  equipment, w i l l  be used.  
The o p t i o n a l  s enso r  system and s t e e r i n g  t o o l  are a l so  lease 
o r  r e n t a l  t y p e  items and can be ob ta ined  when needed. 
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THERMAL SPALLATION DRILLING R I G  
COST SUMMARY 
Tab le  1 
A. Systen/Component Cost:  
1. S u r f a c e  System 
Conventional D r i l l i n g  Modules 
Mast, S u b s t r u c t u r e  and Accesso r i e s  
Drawworks and Accesso r i e s  
Rotary  and T r a v e l i n g  Equipment 
Mud Pumps and Components 
D r i l l  S t r i n g  
BOP 
Handling Tools .  Power Sub, Automatic S l i p s  
Fue l  System 
Misce l laneous  
Flame Jet  D r i l l i n g  Modules 
Propane System 
P ipe  Lines, Stand P i p e s ,  Hoses, Valves 
Mixing Valve 
C i r c u l a t i o n  Con t ro l  System 
Common Modules 
Air System 
, Rotary  D r i l l i n g  A i r  
Flame Jet  D r i l l i n g  A i r  
Water System 
Primary Power System 
Misce l laneous  
2. Down Hole T r a n s p o r t a t i o n  System 
P i p e  
3. Down Hole Burner S y s t w  
S e p a r a t o r  
Genera tor  
Sensor  System ( o p t i o n a l )  
S t e e r i n g  Tool ( o p t i o n a l )  
P u l s a t  ion Dampener 
Burner Con t ro l  
Burner 
4. Cont ro l  Console 
Driller's Console 
Conventional D r i l l i n g  C o n t r o l s  
Flame Jet D r i l l i n g  C o n t r o l s  
Subsystems 
Cables ,  Connectors,  J u n c t i o n  Boxes 
$ 800.000 
415.000 
260.000 
840,000 
770,000 
325,000 
92.000 
13,000 
50,000 $3,565,000 
-- 
20,000 
5,000 
3,000 28,000 
6,850 -- 
37,000 
1,2 00.000 
115,000 1,358,850 
7,500 
20,000 
-- 
15,000 
3,000 
3,000 
5 .  System Rig Up, T e s t ,  Rig Down 
T o t a l  System Component Cost 
68,700 
60,000 
10.000 
15,000 
B. S p e c i f i c  D r i l l i n g  System Cost:  
1. Conventional Rotary  D r i l l i n g  System 
2. Flame Jet  D r i l l i n g  S y s t w  
T o t a l  System Cost 
48,500 
153,700 
450.000 
$5,604,050 
$5,442,550 
161.500 
$5,604,050 
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I11 OPERATING CHARACTERISTICS 
The d r i l l i n g  r i g  concep tua l ly  designed i n  t h i s  s tudy  
combines a convent iona l  d r i l l i n g  r i g  w i t h  flame j e t  d r i l l i n g  
equipment i n  a manner t h a t  allows u s e  of  e i t h e r  system wi th  
on ly  a s m a l l  amount of convers ion  t i m e .  The convent iona l  
d r i l l i n g  r i g  i s  used t o  d r i l l  through non-spa l lab le  overburden 
and through cement l e f t  i n  t h e  c a s i n g  a f t e r  a cementing oper-  
a t i o n .  I t  can a l so  be used t o  d r i l l  through l o w e r  g e o l o g i c a l  
zones t h a t  are  no t  s p a l l a b l e .  T h e  f l a m e  j e t  d r i l l i n g  equipment 
i s  used t o  d r i l l  through s p a l l a b l e  rock .  
The flame j e t  des ign  concept  p l a c e s  a down h o l e  burner  
system, c o n s i s t i n g  of a burner  and i t s  suppor t ing  equipment, on 
t h e  end of a convent iona l  d r i l l  s t r i n g .  The d r i l l  s t r i n g  i s  
lowered i n t o  t h e  ho le  by t h e  convent iona l  r i g  i n  t h e  same manner 
t h a t  it would lower a convent iona l  d r i l l  s t r i n g  and b i t .  
t h e  d r i l l  s t r i n g  i s  f u l l y  i n  t h e  ho le ,  forward movement i s  d e t e r -  
mined by a n  au tomat ic  feed c o n t r o l .  Seve ra l  feed c o n t r o l l e r s  
have been pa ten ted  and are  p r e s e n t l y  i n  u s e .  
t h e  d r i l l  s t r i n g  and burner  assembly i s  accomplished by u s e  of 
t h e  power swive l  t o  which t h e  d r l l l  s t r i n g  i s  a t t a c h e d .  
D i r e c t i o n a l  c o n t r o l  i s  accomplished by u s e  of t h e  o p t i o n a l  
s t e e r i n g  equipment described i n  t h e  r e p o r t .  
When 
Rotary movement of 
Consider ing t h e  a v a i l a b i l i t y  of t h e  Con-Cor p i p e  system 
and t h e  down h o l e  s e p a r a t o r ,  i t  should be p o h s i b l e - t o  u s e  any 
combination of f l u i d s ,  such as  a i r  and d i e s e l  f u e l  o r  a i r  and 
propane gas ,  t o  achieve  a combust ible  mix tu re  i n  t h e  even t  t h e  
p r e s e n t l y  conceived system of combining a i r ,  propane, and w a t e r  
does n o t  work. These f l u i d s  must,  however, be mixed i n  t h e  
proper  r a t i o  t o  ach ieve  i g n i t i o n .  Thus, down h o l e  mixing 
v a l v e s ,  p u l s a t i o n  dampeners, and a c o n t r o l l a b l e  i g n i t i o n  
system w i l l  be r e q u i r e d .  The c o n t r o l l a b l e  i g n i t i o n  system i s  
necessary  t o  s t a r t  or  s t o p  t h e  burner  fo r  t r i p p i n g  o p e r a t i o n s  
o r  fo r  f lame-out. 
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An impor tan t  a s p e c t  of t h e  system t h a t  must he cons idered  
i s  t h a t  a ve ry  l a r g e  percentage  of  t h e  a i r  used i n  t h i s  
procedure i s  used f o r  boost a i r .  Thus, t h e  down h o l e  system 
must be designed so t h a t  pure  a i r  i s  vented  t o  t h e  annulus .  
The re fo re ,  t h e  concept  of f r e e l y  mixing a i r  and propane g a s  
t o g e t h e r  a t  t h e  s u r f a c e  mixing v a l v e  may n o t  be p o s s i b l e  
because of t h e  problems of s e p a r a t i n g  these two g a s e s  down hole.  
This  problem can ,  however, be overcome by us ing  Con-Cor p ipe .  
Another a r e a  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  i s  t h e  c o n t r o l  
of t h e  f lowing f l u i d s  when p i p e  i s  added t o  t h e  d r i l l  s t r i n g .  
Under b e s t  o p e r a t i n g  c o n d i t i o n s ,  it takes approximately s i x t y  
seconds t o  perform t h i s  f u n c t i o n .  During t h a t  t i m e  t h e  j e t  
flame must be tu rned  o f f  o r  t h e  ho le  w i l l  t end  t o  e n l a r g e  a t  
t h a t  p o i n t .  Thus, t h e  effect  of and t h e  s t a t e  of t h e  f ree  
f lowing propane gas,and t h e  w a t e r  f lowing down t h e  d r i l l  p i p e  
must be f u l l y  understood.  I n  p a r t i c u l a r ,  t h e  propane g a s  must 
be c o n t r o l l e d  t o  p reven t  any s a f e t y  problems. P re l imina ry  
i n v e s t i g a t i o n  i n d i c a t e s  t h a t  t h e s e  problems can be c o n t r o l l e d  
w i t h  proper  va lv ing  systems both  down h o l e  and a t  t h e  s u r f a c e .  
Consider ing t h e  above, it appears  t h a t  t h e  p r e s e n t l y  
conceived d e s i g n  concept  can be made t o  work. However, t h e  
system must be completely analyzed and well-engineered first, 
p a r t i c u l a r l y  i n  t h e  area of t h e  down h o l e  burner  system. 
F a i l u r e  t o  do t h i s  could  r e s u l t  i n  s e r i o u s  t r o u b l e .  
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I V  ECONOMIC EVALUATION 
T h e  newly conceived f l a m e  j e t  des ign  w i l l  be economically 
eva lua ted  by i n c o r p o r a t i n g  t h e  d e s i g n  i n t o  t h e  comparat ive 
d r i l l i n g  economic model. This  i s  completed a s  noted i n  
Appendices A,  B ,  and C ,  and t h e  r e s u l t s  t a b u l a t e d  i n  Table  2 
under t h e  column t i t l e d  "Computed, Problem Free, D r i l l i n g  Cos t . "  
A s  o r i g i n a l l y  s t a t e d ,  t h e  economic model does - n o t  make any 
al lowance f o r  maintenance o r  d r i l l i n g  problems because of t h e  
d i f f i c u l t y  of q u a n t i f y i n g  these c o s t s .  Thus, an es t imated 
maintenance and problem c o s t  f a c t o r  must be added t o  t h e  model 
d a t a .  T h i s  fac tor  i s  e s t ima ted  t o  be 4 0 %  of t h e  t o t a l  w e l l  
cost .  T h i s  percentage  i s  l o w e r  t han  t h e  average  50% noted f o r  
HDR w e l l s  EE-2 and EE-3. However, it must be assumed t h a t ,  i f  
d r i l l i n g  w a s  t o  con t inue  i n  t h e  HDR program, t h e  d r i l l i n g  
e f f i c i e n c y  would improve and.problem c o s t  would be reduced. 
Thus, t h e  4 0 %  cost  fac tor  appears  t o  be r ea l i s t i c .  
Evalua t ion  of t h e  flame j e t  des ign  i n d i c a t e s  t h a t  Con-Cor 
p i p e  and/or s t e e r i n g  equipment may be r e q u i r e d .  Several 
v a r i a t i o n s  of t h e  economic model were run  t o  c o n s i d e r  u s e  of 
t h e s e  i t e m s .  These v a r i a t i o n s  are  noted a s  Cases I ,  11, 111, 
and I V .  The equipment used f o r  each case i s  de f ined  i n  t h e  
equipment d e s c r i p t i o n  column. 
Both of t h e  above fac tors  a re  t a b u l a t e d  i n  Table  2 i n  
con junc t ion  wi th  t h e  economic d a t a  of t h e  convent iona l  d r i l l i n g  
model. The t o t a l  w e l l  costs of both  d r i l l i n g  methods are then  
compared t o  de te rmine  c o s t  r e d u c t i o n s .  
Analys is  of  t h e  data i n d i c a t e s  t h a t  a d r i l l i n g  o p e r a t i o n  
c o s t  r e d u c t i o n  of 45% t o  4 9 %  can be ob ta ined  by us ing  t h i s  
system when d r i l l i n g  a 15,000 f t .  h o l e  i n  t h e  s p e c i f i c  t y p e  of 
s t r u c t u r e  i n d i c a t e d  i n  F igu re  1. F u r t h e r ,  t h e  advantages of  
flame j e t  d r i l l i n g  become e f f e c t i v e  below approximately 3 2 0 0  
f e e t  when us ing  equipment o f  t h i s  s i z e .  
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Grs 
The cost  r e d u c t i o n s  noted can be a t t r i b u t e d  t o  t h e  h igh  
p e n e t r a t i o n  r a t e  of t h e  f l a m e  j e t  system, t h e  long o p e r a t i o n a l  
p e r i o d s  of t i m e  t h a t  t h e  equipment can o p e r a t e  i n  t h e  h o l e ,  and 
t h e  ensuing r e d u c t i o n  of t r i p s .  P e n e t r a t i o n  ra tes  used i n  t h i s  
s tudy  are  based upon a c t u a l  f i e l d  d a t a .  I f ,  however, lower 
ra tes  w e r e  used,  t h e  c o s t  r e d u c t i o n s  would be lower. 
4 0. 
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V SUMMARY 
A p re l imina ry  t e c h n i c a l  and economic e v a l u a t i o n  of  t h e  
conceptua l  f l a m e  j e t  des ign  conceived by LANL has  been made. 
The economic e v a l u a t i o n  i n d i c a t e s  t h a t  it i s  less expensive 
t o  d r i l l  g r a n i t e  t ype  s t r u c t u r e s  wi th  convent iona l  equipment 
of t h e  s i z e  used i n  t h i s  r e p o r t  ( 1 5 , 0 0 0  f e e t  c a p a b i l i t y )  t o  
dep ths  of  approximately 3200  f ee t .  Below t h i s  dep th ,  t h e  u s e  
o f  flame j e t  equipment s h a r p l y  reduces  t h e  cos t  o f  d r i l l i n g .  
Th i s  cost  r e d u c t i o n  i s  p r i m a r i l y  due t o  t h e  h igh  p e n e t r a t i o n  
r a t e  of t h e  f l a m e  j e t  system, t h e  l e n g t h  of t i m e  t h e  equipment 
can  o p e r a t e  i n  t h e  ho le ,  and t h e  ensuing r e d u c t i o n  of t h e  
number of  t r i p s .  
The t e c h n i c a l  e v a l u a t i o n  i n d i c a t e s  t h a t  t h e  LANL d e s i g n  
can  probably be made t o  f u n c t i o n  p r o p e r l y  and e f f e c t i v e l y .  
However, it i s  e s s e n t i a l  t h a t  t h e  t r a n s p o r t a t i o n  system and 
t h e  down h o l e  burner  system be thoroughly analyzed t o  f u l l y  
understand t h e  f l u i d  f low and thermodynamic problems involved .  
F u r t h e r ,  it i s  necessary  t o  d e s i g n  engineer  t h e  system so t h a t  
it w i l l  r e l i a b l y  handle  t h e  r e q u i r e d  f l u i d  f lows  i n  t h e  
conf ined  areas of t h e  down h o l e  systems and du r ing  a l l  t h e  
r e q u i r e d  d r i l l i n g  o p e r a t i o n s .  A f t e r  t h e  above work i s  
completed,  t h e  system should be f u l l y  tested p r i o r  t o  being 
used i n  t h e  f i e l d .  F a i l u r e  t o  do t h e s e  s t u d i e s  could  r e s u l t  
i n  s e r i o u s  problems. 
I n  summary, t h e  LANL system is  a unique method fo r  oper- 
a t i n g  a flame j e t  system. The d e s i g n  concept  can probably be 
made t o  work e f f e c t i v e l y ,  i n  which case d r i l l i n g  o p e r a t i o n  
costs  f o r  c e r t a i n  t y p e s  of hard  rock  s t r u c t u r e s  can  be reduced 
s i g n i f i c a n t l y .  
4 2  
APPENDIX A 
DRILLING TIME AND COST CATEGORIES 
drs 
Category 
T i t l e  
D e f i n i t i o n  
T i m e  
c o s t  
- 1.00 
- Road Locat ion  and S i t e  P r e p a r a t i o n  
- Locat ion and p r e p a r a t i o n  of a c c e s s  roads  t o  t h e  
d r i l l i n g  s i t e ,  development of t h e  d r i l l i n g  s i t e  
and d r i l l i n 9  pad, d igg ing  and l i n i n g  r e s e r v e  
mud p i t s ,  and o t h e r  a c t i v i t i e s  r e q u i r e d  p r i o r  
t o  doing any d r i l l i n g  o p e r a t i o n s .  
- T i m e  i s  n o t  cons ide red .  This  o p e r a t i o n  i s  a 
d i r e c t  cost  i t e m .  
- The costs  involved i n  road  l o c a t i o n  and s i t e  
p r e p a r a t i o n  v a r y  widely from l o c a t i o n  t o  
l o c a t i o n .  For t h i s  s tudy ,  an  average  cos t  of  
$ 5 0 , 0 0 0  w i l l  be  used.  
A - 1  
Category 
T i t l e  
D e f i n i t i o n  
Time 
c o s t  
- 2.00 
- I n i t i a t i o n  
- The d r i l l i n g  of a l a r g e  d i ame te r ,  sha l low h o l e  
The h o l e  i s  cased w i t h  the  
over  t h e  w e l l  s i t e  so a s  t o  s t a b i l i z e  s u r f a c e  
ground m a t e r i a l .  
s u r f a c e  conductor  p i p e .  I n  a d d i t i o n ,  t h e  
mouse h o l e  and t h e  r a t  h o l e  a r e  a l s o  d r i l l e d .  
These  o p e r a t i o n s  a r e  performed by a smal l  r i g  
p r i o r  t o  t h e  r i g  up of t h e  main d r i l l i n g  r i g .  
- T i m e  can  va ry  from l o c a t i o n  t o  l o c a t i o n .  For  
t h i s  s tudy  an  average  t ime of 7 2  hours  w i l l  h e  
used. 
- Because of time v a r i a t i o n s ,  c o s t s  involved  
w i l l  also v a r y .  However, f o r  t h i s  s tudy  a n  
average  c o s t  of $ 1 5 , 0 0 0  w i l l  be used.  I n  
a d d i t i o n  t o  t h i s  c o s t ,  t h e  c o s t  of t h e  s u r f a c e  
conductor  must be cons ide red ,  as w e l l  a s  t h e  
c o s t  of cementing and s e r v i c e s .  These c o s t s  
a r e  noted i n  t h e i r  r e s p e c t i v e  c a t e g o r i e s .  
A- 2 
Catecrorv - 3 . 0 0  
T i t l e  - Rig Movement 
D e f i n i t i o n  - Moving t h e  r i g  from one d r i l l i n g  s i t e  t o  
a n o t h e r ,  p repa r ing  t h e  r i g  f o r  d r i l l i n g  ( r i g  
u p ) ,  and d i sman t l ing  t h e  r i g  ( r i g  down) a f t e r  
completion of d r i l l i n g  o p e r a t i o n s .  
T i m e  - Conventional d r i l l i n g  r i g s  of t h e  s i z e  needed 
f o r  t h i s  o p e r a t i o n  r e q u i r e  three days moving 
t i m e ,  t h r e e  days r i g  up t i m e ,  and three days 
r i g  down t h e .  Rig moving t i m e  w i l l  be 
inc luded  i n  t h e  m o b i l i z a t i o n  ca t egory .  To ta l  
t i m e  i s  2 1 6  hours .  
cost 
The flame j e t  equipment r e q u i r e d  f o r  t h i s  
des ign  w i l l  be e i t h e r  owned by t h e  c o n t r a c t o r  
o r  l e a s e d  from s u p p l i e r s .  Equipment owned by 
t h e  c o n t r a c t o r  can  be t r a n s p o r t e d  w i t h  t h e  
convent iona l  r o t a r y  d r i l l i n g  equipment. 
Leased equipment can be ob ta ined  as  r e q u i r e d .  
Rig up and r i g  down t i m e  f o r  f l a m e  j e t  equip- 
ment i s  estimated t o  be e igh t  hours  f o r  each 
o p e r a t i o n .  
- For t h i s  s tudy ,  convent iona l  r i g  up cos ts ,  
which i n c l u d e  moving time, are e s t ima ted  t o  
be $ 1 0 0 , 0 0 0 .  Th i s  i n c l u d e s  a l l  t r u c k  r e n t a l s ,  
s p e c i a l  labor, r i g  c r e w  costs ,  e tc .  Rig down 
costs are  e s t ima ted  t o  be $ 4 5 , 0 0 0 .  
Flame j e t  moving and r i g  up c o s t s  are  es t imated  
t o  be $ 1 0 , 0 0 0 .  Rig down costs a re  estimated 
t o  be $ 5 , 0 0 0  
Category - 4 . 0 0  
T i t l e  - Rig Operat ing Cos ts  
D e f i n i t i o n  - The hour ly  o r  d a i l y  r e n t a l  rates charged by t h e  
r i g  owner ( c o n t r a c t o r )  f o r  u s e  of t h e  r i g .  
These rates inc lude  charges  f o r  l a b o r ,  r i g  
replacement  c o s t s ,  i n su rance ,  f i n a n c e  cha rges ,  
taxes,  g e n e r a l  and a d m i n i s t r a t i v e  c o s t s ,  and 
prof  it. 
T i m e  - The ra tes  are  charged on e i t h e r  an  hour ly  o r  
d a i l y  ra te .  
costs - For  t h i s  s tudy ,  t h e  convent iona l  r o t a r y  r i g  
r e q u i r e d  t o  d r i l l  t h e  w e l l s  i n  q u e s t i o n  i s  
e s t ima ted  t o  cost  $5,442,550. During normal 
o p e r a t i n g  t i m e s ,  t h e  fo l lowing  average  cha rges  
would be made: 
Day R a t e  w i th  P ipe  - $8160 ($340/hr) 
Day R a t e  w i thou t  P ipe  - $7200  ($300/hr) 
Standby R a t e  (normal) - $ 4 8 0 0  ($200/hr) 
Day R a t e  f o r  u s e  w i t h  
Flame Je t  Rig - $ 6 0 0 0  ($250/hr) 
Consider ing t h e  e s t ima ted  cost  of t h e  f lame j e t  
r i g  designed i n  t h i s  s tudy  i n  $161,500, t h e  
fo l lowing  charges  f o r  i t s  u s e  are es t ima ted  t o  
be : 
Day R a t e  - $ 1 2 0 0  ( $50/hr) 
Standby R a t e  - $ 7 2 0  ( $30/hr) 
I t  should be noted t h a t  a l l  of t h e  above rates 
w i l l  change from l o c a t i o n  t o  l o c a t i o n  due t o  
l a b o r  and t a x  v a r i a t i o n s .  
A 4  
Included i n  t h i s  overa l l  ca t egory  are  several 
o p e r a t i o n s  t h a t  re la te  t o  s p e c i f i c  flame j e t  
procedures .  The f i rs t  o p e r a t i o n ,  Flame J e t  Rig 
Conversion, refers t o  t h e  o p e r a t i o n s  r e q u i r e d  t o  
change f r o m  r o t a r y  r i g  d r i l l i n g  procedures  t o  
f lame j e t  procedures .  T h i s  o p e r a t i o n  i n c l u d e s  
t h e  i n s t a l l a t i o n  of t h e  power sub -and  t h e  
c i r c u l a t i o n  c o n t r o l  v a l v e ,  assembling t h e  down 
ho le  t o o l s ,  e t c .  N o  d i r e c t  c o s t s  a re  i n c u r r e d ,  
b u t  t h e  o p e r a t i o n  i s  est imated t o  take f o u r  
hours .  
Flame Je t  Maintenance refers t o  r e p a i r i n g  and/or 
main ta in ing  t h e  components of t h e  flame j e t  
bottom h o l e  assembly. C o s t s  are e s t ima ted  t o  be 
$ 2 0 0  p e r  o p e r a t i o n .  The t i m e  involved i s  
e s t ima ted  t o  be two hours  p e r  o p e r a t i o n .  
F l a m e  Je t  Bottom Hole Assembly (BHA) Change 
refers t o  t h e  a c t u a l  changing of components i n  
t h e  BHA. This  o p e r a t i o n  i s  e s t ima ted  t o  t a k e  
t w o  hours .  N o  d i r e c t  costs  are  incu r red .  
A-5 
Category - 5 . 0 0  
T i t l e  - Fuel  
D e f i n i t i o n  - The d i e s e l  f u e l  r e q u i r e d  t o  o p e r a t e  t h e  
g e n e r a t o r  sets.  
T i m e  - The costs are  based on a n  hour ly  r a t e .  
cost - Fuel  cost  i s  e s t ima ted  t o  be $.91/gal.  
Assume t h e  convent iona l  r i g  has  t h r e e  D398 
d i e s e l  g e n e r a t o r  sets o p e r a t i n g  a t  1 2 0 0  RPM 
and 6 0  c y c l e s .  Continuous e lec t r ica l  power 
o u t p u t  w i l l  be 565 KW p e r  g e n e r a t o r  se t .  
Fue l  consumption a t  t h i s  ra te  of o p e r a t i o n  
i s  4 5  g a l / h r  f o r  each g e n e r a t o r  set .  
Assuming t h e  above c o s t  and o p e r a t i n g  l e v e l s ,  
f u e l  consumption and c o s t  f o r  t h e  v a r i o u s  r i g  
o p e r a t i o n s  i s  as noted i n  Table 1-A 
Fuel  costs are  based on Northern N e w  Mexico 
d e l i v e r y  ra tes .  
A-6 
c 
OPERATION POWER REQUIREMENT 
( Av er a g  e )  
FUEL COSTS 
T a b l e  1-A 
FUEL FUEL FUEL 
CONSUMPTION COST COST 
g a l / h r  $ / g a l  $/hr 
c 
Convent iona l  Rig : 
Non-Dri l l ing Operat  i o n s  
D r i l l i n g  Operat  i o n s  
T r i p p i n g  0 '  - 4 , 9 9 9 '  
5 , 0 0 0 '  - 9 ,999 '  
10,000' - 1 5 , 9 9 9 '  
7 Standby Convent iona l  D r l g .  
4 Standby Flame J e t  Drlg . 
Flame Je t  D r i l l i n g  : 
Non-Dri l l ing O p e r a t i o n s  
D r i l l i n g  O p e r a t i o n s  
T r i p p i n g  0 '  - 4 ,999 '  
5 ,000 '  - 9 ,999 '  
10,000' - 1 5 , 9 9 9 '  
1 Gen. S e t  Opera t iong  a t  1 /3  Power 
3 Gen. S e t s  Opera t ing  a t  1/3 Power 
3 Gen. S e t s  Opera t ing  a t  1 /3  Power 
3 Gen. S e t s  Opera t ing  a t  213 Power 
3 Gen. S e t s  Opera t ing  a t  F u l l  Power 
1 Gen. S e t  Opera t ing  a t  1 / 3  Power 
1 Gen. S e t  Opera t ing  a t  1 / 2  Power 
1 Gen. S e t  Opera t ing  a t  1 / 2  Power 
1 Gen. S e t  Opera t ing  a t  1 / 2  Power, 
3 Gen. S e t s  Opera t ing  a t  1 /3  Power 
3 Gen. S e t s  O p e r a t i n g  a t  2 / 3  Power 
3 Gen. S e t s  Opera t ing  a t  F u l l  Power 
+ 85 g a l / h r  f o r  A i r  Compressor Sys.  
1 5  
4 5  
4 5  
90 
1 3  5 
1 5  
23 
23 
108  
45  
90 
13 5 
. 9 1  
.91 
. 9 1  
. 9 1  
.91  
.91  
.91 
.91 
.91  
.91  
.91  
. 9 1  
1 4  
4 1  
4 1  
82 
123 
1 4  
21 
21  
98 
4 1  
82 
123 
G3 Category - 6 . 0 0  
T i t l e  - Transpor t a t ion  and Misce l laneous  
D e f i n i t i o n  - Truck t r a n s p o r t a t i o n  costs  f o r  both normal 
and d a i l y  s u p p l i e s ,  and f o r  r i g  maintenance 
ac t iv i t i e s .  Charges f o r  misce l laneous  
services and equipment r e q u i r e d  f o r  r i g  
o p e r a t i o n  are a l s o  inc luded .  
T i m e  - The c o s t s  are based on an  hour ly  r a t e .  
costs - Average costs for a 25 t o  3 0  day d r i l l i n g  
o p e r a t i o n  normally are $ 5 0 , 0 0 0  t o  $ 7 0 , 0 0 0 .  
This  equa te s  t o  an  average  hour ly  ra te  of 
$ 9 0  f o r  convent iona l  r o t a r y  d r i l l i n g  
o p e r a t i o n s .  
Flame j e t  d r i l l i n g  rates are  cons ide rab ly  
lower due t o  t h e  s i m p l i c i t y  of  t h e  o p e r a t i o n .  
However, because a l a r g e  p a r t  of  t h e  
convent iona l  d r i l l i n g  r i g  i s  used w i t h  t h e  
flame jet rig, supplies and maintenance of 
t h a t  equipmentmust  be cons idered .  
average  rate of $50/hr w i l l  be used.  
Thus an  
A-8 
. . . . . . . . . . 
Category - 7 . 0 0  
T i t l e  - Rental  
D e f i n i t i o n  - Charges f o r  r e n t a l  i t e m s  t h a t  are  no t  expensive 
enough t o  be t r e a t e d  i n d i v i d u a l l y ,  such as 
surveying c o l l a r s ,  s p e c i a l  BOP components, 
s m a l l  compressors,  e tc .  I n  a d d i t i o n ,  f o r  t h i s  
s tudy ,  down h o l e  motor,  s e n s o r ,  and s t e e r i n g  
t o o l  ra tes  w i l l  also be inc luded .  
T h e  - The costs  a re  based on an  hour ly  r a t e .  
c o s t  - An average charge  of $50/hr w i l l  be used f o r  
convent iona l  d r i l l i n g  o p e r a t i o n s .  For  flame 
j e t  o p e r a t i o n s ,  an  average  hour ly  charge  of $ 1 0  
w i l l  be used. I n  a d d i t i o n ,  u s e  of down ho le  
motors w i l l  be charged a t  $200/hr f o r  a 6-1/2" 
u n i t  and $210/hr for a 7-3/4" u n i t .  
too ls  and equipment w i l l  be charged a t  $170/hr. 
S t e e r i n g  
Consider ing t h e  above, t h e  fo l lowing  combination 
of r e n t a l  charges  w i l l .  be used i n  t h i s  s tudy .  
Conventional d r i l l i n g  r i g :  
N o r m a l  r e n t a l  cha rges  - $ 50/hr 
Normal r e n t a l  cha rges ,  p l u s  
u s e  of 6-1/2" m o t o r  - $250/hr 
N o r m a l  r e n t a l  cha rges ,  p l u s  
u s e  of 7-3/4" motor - $260/hr 
Flame Je t  r i g :  
N o r m a l  r e n t a l  cha rges  - $ 10/hr 
N o r m a l  r e n t a l  cha rges ,  p l u s  
u s e  of senso r  and s t e e r i n g  
too l s  - $180/hr 
A-9 
cus 
Category - 8 . 0 0  
T i t l e  - Superv is ion  
D e f i n i t i o n  - Company ( n o t  c o n t r a c t o r )  overhead c o s t s  f o r  
pa r t - t ime  s u p e r v i s i o n  on a r i g .  
can a l s o  i n c l u d e  c o s t s  f o r  a company 
g e o l o g i s t .  
This  cha rge  
T i m e  - The c o s t s  are based on a n  hour ly  r a t e .  
costs - These costs  v a r y  from area t o  area and are  
based on t h e  d i f f i c u l t y  of d r i l l i n g  and 
whether d r i l l i n g  i s  i n  an  e x p l o r a t i o n  o r  
product ion  a r e a .  
For t h e  purpose of t h i s  r e p o r t ,  an  average  
d a i l y  ra te  of $ 5 0 0  p e r  e i g h t  hour s h i f t  w i l l  
be used.  Consider ing t h a t  1-1/2 s h i f t s  p e r  
day w i l l  probably be r e q u i r e d ,  and t h a t  t h e  
r i g  w i l l  o p e r a t e  24 hours  p e r  day,  t h e  
a c t u a l  ra te  ( f o r  a 24  hour day) w i l l  be 
$31/hr. Th i s  ra te  w i l l  be used f o r  bo th  
conven t iona l  and f lame j e t  o p e r a t i o n s .  
Category - 9 . 0 0  
T i t l e  - Water 
D e f i n i t i o n  - Water r e q u i r e d  f o r  cementing o p e r a t i o n s ,  mud 
o p e r a t i o n s ,  r i g  wash down, e tc .  I n  a d d i t i o n ,  
i n  f l a m e  j e t  o p e r a t i o n s  w a t e r  i s  used i n  t h e  
down h o l e  o p e r a t i o n .  
c o s t s  
- Costs  are based on an hour ly  ra te  f o r  flame 
j e t  o p e r a t i o n s  and a f i x e d  ra te  f o r  
convent iona l  r i g  o p e r a t i o n s .  
- For convent iona l  r i g  o p e r a t i o n s  i n  N e w  P4exico 
assume: 
Tota l  w a t e r  r e q u i r e d ,  each w e l l  - 
Truck ( 1 4 8  b b l  cap . )  , 
t r a n s p o r t a t i o n  r a t e  - $57.08/hr 
Average hours  p e r  t r u c k  t r i p  - 4  
Cost  of  water - $ O.lO/bbl 
Consider ing t h e  above, 
Tota l  water cha rges  are  - $6600 
Estimated water d i s p o s a l  charges  - $ 6 0 0 0  
Water cha rges ,  flame j e t  o p e r a t i o n s  - $49,00/hr 
Category - 1 0 . 0 0  
T i t l e  - Propane 
D e f i n i t i o n  - The propane g a s  used i n  t h e  combustion p rocess  
of t h e  flame j e t  d r i l l i n g  o p e r a t i o n .  
T i m e  
cost 
- Costs  are based on an hour ly  r a t e .  
- U s e  of propane g a s  e n t a i l s  t w o  c o s t  f a c t o r s .  
The f i r s t  i s  t h e  cost  of  t h e  o n - s i t e  s t o r a g e  
t ank  and f a c i l i t y .  This  equipment has  a one 
t i m e  set  up charge  of  $ 1 7 , 0 0 0  which i n c l u d e s  
placement of a s t o r a g e  t ank  founda t ion ,  a n  
1 8 , 0 0 0  g a l  s t o r a g e  t ank ,  p i p i n g ,  c o n t r o l s ,  
s a f e t y  equipment, e tc .  Assuming t h i s  equipment 
i s  l e f t  on s i t e  f o r  a pe r iod  of t w o  months, and 
a 24 hour o p e r a t i n g  day i s  used ,  t h e  average  
hour ly  ra te  i s  $12/hr. 
The second f a c t o r  i s  t h e  cos t  of propane gas .  
Assuming a d e l i v e r e d  cos t  of $ .62/gal ,  and an  
e s t ima ted  u s e  of 7 2  g a l / h r ,  t h e  hour ly  cost  of 
propane g a s  is approximately $45/hr. 
Combining t h e  t w o  c o s t  fac tors ,  t h e  u s e  of 
propane gas can be approximated t o  cost  $57/hr. 
24-12 
Catesorv  - 1 1 . 0 0  
T i t l e  - Mud 
D e f i n i t i o n  - The a d d i - i v e s  mixed w i t h  t h e  c i r c u l a t i n g  f l u i d .  
T h e  - For t h i s  r e p o r t ,  a l l  chemical a d d i t i v e s  w i l l  be  
pro- ra ted  on an hour ly  b a s i s .  
c o s t  - I n  both models, chemicals  and s o l i d s  are  added 
t o  t h e  d r i l l i n g  f l u i d s .  S o l i d s  a r e  added o n l y  
i n  t h e  n o n g r a n i t i c  rock format ions .  Chemicals 
are  added dur ing  a l l  d r i l l i n g  o p e r a t i o n s .  
Model 1, S o l i d s  Volume and Cos t  
F l u i d  volume - 1540 b b l s  
Vol. of mud t o  ra ise  w a t e r  t o  9 .6#/ga l  i s  75 
loo# saclts b a r r i t e / 1 0 0  b b l s  f l u i d  
No. sacks  r e q u i r e d :  75 x 15.40 = 1155 
Cos t  of  b a r r i t e  @ $6.00/sack: $6,930 
A s s u m e  $20.00/hr average  c o s t  
Model 2 ,  S o l i d s  Volume and Cos t  
F l u i d  volume - 1 4 0 9  b b l s  
Vol. of mud t o  raise w a t e r  t o  9 .2#/ga l  i s  59  
N o .  s acks  r e q u i r e d :  59 x 1 4 . 0 9  = 831 
C o s t  of b a r r i t e  @ $6.00/sack: $ 4 , 9 8 6  
A s s u m e  $20.00/hr average  c o s t  
l o o #  s acks  b a r r i t e / 1 0 0  b b l s  f l u i d  
, 
Models 1 and 2 ,  Chemical Cos t s  
A s s u m e  $3.00/hr of o p e r a t i o n  
Average hour ly  costs t o  be used 
Nongrani t ic  rock  - $23.00 
G r a n i t i c  rock ,  - $ 3.00 
A-13 
Category - 1 2 . 0 0  
T i t l e  - B i t s  
D e f i n i t i o n  - The c u t t i n g  t o o l  a t t a c h e d  t o  t h e  bottom of t h e  
d r i l l  p i p e .  
T i m e  - Regard less  of t h e  t y p e  of b i t  being used ,  an 
average change time of one hour s h a l l  be used .  
- AveYage b i t  p r i c e s  s h a l l  be used as follows: 
26"  h o l e  - 3 c u t t e r ,  s teel ,  m i l l e d  t o o t h ,  
nonsealed bea r ing  
Cost  - $12,930 
17-1 /2"  h o l e  - 3 c u t t e r ,  s t ee l ,  m i l l e d  t o o t h ,  
nons ea1 ed bea r ing  
c o s t  - $4,947 
12-1 /2"  h o l e  - Tungsten c a r b i d e  i n s e r t ,  
s e a l e d  j o u r n a l  b e a r i n g  
Cos t  - $ 8 , 4 1 4  
8 - 3 / 4 "  hole - Tungsten carbide i n s e r t ,  
s e a l e d  j o u r n a l  b e a r i n g  
c o s t  - $4,347 
A-14 
Category - 1 3 . 0 0  
T i t l e  - Bottom Hole Assembly 
D e f i n i t i o n  - T h e  components ( s t a b i l i z e r s ,  d r i l l  c o l l a r ,  
shock subs ,  e tc . )  inco rpora t ed  i n t o  t h e  bottom 
of t h e  d r i l l  s t r i n g .  
T i m e  
c o s t  
- Regard less  of t h e  components be ing  changed, an  
average  change t h e  of two hours  s h a l l  be used.  
- Regard less  of t h e  components be ing  changed, an  
average  c o s t  of $ 1 , 0 0 0  p e r  b i t  change s h a l l  be 
used. 
A-15-  
cus 
Category - 1 4 . 0 0  
T i t l e  - Tripping  
D e f i n i t i o n  - The o p e r a t i o n  of running t h e  d r i l l  p i p e  o r  t h e  
f l a m e  j e t  i n t o  o r  o u t  of t h e  hole  
T i m e  - For t h i s  r e p o r t ,  t h e  fo l lowing  average  hour ly  
f a c t o r s  w i l l  be used. 
P ipe  - Conventional R i g :  
0 '  - 4,999 '  
5 ,000 '  - 9 , 9 9 9 '  
1 0 , 0 0 0 '  - 1 5 , 9 9 9 '  
Pipe  - Flame Jet  Rig: 
0 '  - 4,999 '  
5 ,000 '  - 9 , 9 9 9 '  
1 0 , 0 0 0 '  - 1 5 , 9 9 9 '  
- 1 . 5 0  
- 3.50 
- 7.00  
- 1 . 5 0  
- 3.50 
- 7.00  
cost - N o  cost  f a c t o r s  are  involved w i t h  t h i s  
o p e r a t i o n .  
A-1 6 
Category - 1 5 . 0 0  
T i m e  
Gus 
T i t l e  - Logging 
D e f i n i t i o n  - Logging i n c l u d e s  a l l  measurements and 
a n a l y t i c a l  t echn iques  r e l a t i n g  t o  t h e  down 
ho le  g e o l o g i c a l  e v a l u a t i o n .  
cost 
- Logging t i m e  i n c l u d e s  a l l  of t h e  t i m e  r e q u i r e d  
t o  t a k e  measurements i n  t h e  h o l e ,  t h e  t r i p  
t i m e s ,  and t h e  t i m e  t o  r i g  up and r i g  down t h e  
equipment involved .  For  t h i s  r e p o r t ,  t h e  
fo l lowing  hour ly  f a c t o r s  w i l l  be used.  
Rig U p  - 2 . 0 0  
Rig Down - 1 . 0 0  
0 '  - 4,999' - 1.00 
10,000' - 15,999' - 2.00 
Tr ipp ing ,  I n  o r  Out 
5,000' - 9,999' - 1.50 
Logging T i m e ,  Average - 2 4 . 0 0  
- Costs r e f l e c t  a l l  logging  company cha rges ,  
i n c l u d i n g  t r ave l ,  s e t u p ,  l ogg ing ,  t empera tu re  
p e n a l t i e s ,  e tc .  For t h i s  r e p o r t ,  t h e  
fo l lowing  average  c o s t  w i l l  be used. 
Logging - $ 2 , 0 0 0  
A-17 
Catecrorv - 1 6 . 0 0  
T i m e  
T i t l e  - Surveying 
D e f i n i t i o n  - Surveying i n c l u d e s  a l l  measurements and 
a n a l y t i c a l  t echn iques  r e l a t i n g  t o  t h e  
d i r e c t i o n a l  program of a w e l l .  
c o s t  
- Surveying i n c l u d e s  a l l  t h e  time r e q u i r e d  t o  
make measurements i n  t h e  h o l e ,  t h e  t r i p  t i m e s ,  
e tc .  For t h i s  r e p o r t ,  t h e  fo l lowing  hour ly  
rates w i l l  be  used.  
T r i p  I n ,  T r i p  Out, Survey 
0 '  - 4 , 9 9 9 '  
5 , 0 0 0 '  - 9 , 9 9 9 '  
1 0 , 0 0 0 '  - 1 5 , 9 9 9 '  
- 2.00 
- 3.00 
- 4.00  
- N o  c o s t  f a c t o r s  a r e  involved  because a l l  
equipment i s  owned by t h e  d r i l l i n g  company. 
A-18  
Category 
T i t l e  
D e f i n i t i o n  
T i m e  
- 1 7 . 0 0  
- D r i l l i n g  
- Rotary d r i l l i n g  r e f e r s  t o  t h e  t i m e  s p e n t  w i t h  
t h e  d r i l l  b i t  r o t a t i n g  on t h e  bottom of  t h e  
hole .  Reaming refers t o  t h e  t i m e  s p e n t  
s t r a i g h t e n i n g  or e n l a r g i n g  t h e  ho le .  Flame 
j e t  d r i l l i n g  r e f e r s  t o  t h e  t i m e  s p e n t  d r i l l i n g  
t h e  h o l e  wi th  t h e  f l a m e  j e t .  
- For t h i s  r e p o r t ,  a l l  t i m e  f a c t o r s  w i l l  be 
average hour ly  ra tes  as fo l lows .  
Conventional R o t a r y  
Rotary D r i l l i n g ,  
Reaming, 
Turbo D r i l l i n g ,  
Coring 
cost 
_I-. 
Flame J e t  Rig: 
Rig : 
n o n g r a n i t i c  rock 
g r a n i t i c  rock  
cement 
n o n g r a n i t i c  rock  
g r a n i t i c  rock 
g r a n i t i c  rock 
0 '  - '  4 ,999 '  
5 ,000 '  - 9 ,999 '  
10 ,000 '  - 1 5 , 9 9 9 '  
- 8  
- 6  
- 11 
- 8  
- 6  
- 1 5  
- 6  
- 5 0  
- 7 0  
- 9 0  
- C o s t  f ac tors  involved w i t h  t h e s e  o p e r a t i o n s  are 
noted under t h e  a p p r o p r i a t e  ca t egory  l i s t i n g s .  
A-1 9 
Category - 18 .00  
T i t l e  - Wellhead 
D e f i n i t i o n  - The t i m e  and equipment c o s t s  involved  i n  t h e  
i n s t a l l a t i o n  of t h e  wel lhead components, 
- T i m e  - The t h e  r e q u i r e d  t o  remove and r e - a t t a c h  t h e  
blowout p r e v e n t e r  components, and i n s t a l l  t h e  
necessary  wel lhead equipment. For t h i s  r e p o r t ,  
t h e  average hour ly  t i m e  used s h a l l  be 1 2  hours .  
c o s t  - - The c o s t s  va ry  depending upon t h e  s i z e  of t h e  
c a s i n g  s t r i n g  involved .  
c o s t s  w i l l  be used.  
The fo l lowing  average  
20" Casing - $ 1 7 , 0 0 0  
13-3/8" Casing - $ 1 6 , 0 0 0  
9-5 /8"  Casing - $ 1 5 , 0 0 0  
A-20 
brs 
Gus 
Category - 1 9 . 0 0  
T i t l e  - Spec ia l  Equipment 
D e f i n i t i o n  - The u t i l i z a t i o n  of  s p e c i a l  p i e c e s  of equipment, 
as needed, such as a d d i t i o n a l  a i r  compressors,  
m u f f l e r s ,  flow l i n e s ,  e tc .  
T i m e  - For t h i s  r e p o r t ,  t h e  u t i l i z a t i o n  c o s t s  of t h e  
components involved are a l l  based on a n  hour ly  
r a t e .  
costs - The costs used w i l l  be t h o s e  d i r e c t l y  charged 
by t h e  vendor involved .  
Flame Jet  Dr i l l i ng ,  A i r :  
A i r  Compressor System $ 2 0  OO/day ($8 5/hr)  
A-21 
Category - 20 .00  
T i t l e  - Casing 
D e f i n i t i o n  - The o p e r a t i o n a l  e f f o r t s  and s teel  p i p e  used t o  
p reven t  t h e  walls of  a h o l e  from s loughing  o f f  
o r  caving i n .  
T i m e  
cost 
- T i m e  f a c t o r s  r e l a t e  p r i m a r i l y  t o  o p e r a t i o n a l  
a c t i v i t i e s .  Cons ider ing  a c t u a l  f i e l d  
o p e r a t i o n s ,  t h e  fo l lowing  average  hour ly  
f a c t o r s  w i l l  be used.  
Rig Up - 2 . 0 0  
Rig Down - 2 . 0 0  
Running Casing (hrs/1000 f t )  
20 i n  - 3.50 
13-3/8 i n  - 3.00 
9-5/8 i n  - 3.00 
Line r  Hanging - 3 . 0 0  
PreTare t o  Run Casing - 24.00 
- Cost  f a c t o r s  are based upon a c t u a l  c o s t s  of 
c a s i n g  and average  cos t  of t o o l s  and services. 
Casing costs  are based upon 1 0 0 '  l e n g t h s  and 
i n c l u d e  connec to r s .  N o  d i s c o u n t s  are  noted.  
Tools  and services i n c l u d e  cost  of s c r a t c h e r s ,  
c e n t r a l i z e r s ,  s p e c i a l  t o o l s ,  e tc .  The 
fo l lowing  costs  w i l l  be  used f o r  Models 1 and 
2 .  
A-22 
,- 
Casing,  Model 1 ( $ / l o o ' )  
Conductor P ipe  - $ 5 , 8 0 0  
Sur face  Casing,  
20"  - 1 3 3 % ,  K - 5 5  - 8 , 4 1 7  
I n t e r .  Casing,  
F i n a l  Casing,  
1 3 - 3 / 8 "  - 5 4 - 1 / 2 # ,  K-55 - 2 , 8 8 2  
9-5/8" - d o # ,  N-80 - 2 , 7 2 3  
Casing, Model 2 ( $ / l o o ' )  
Conductor P i p e  - 5 , 8 0 0  
Sur face  Casing, 
I n t e r .  Casing,  
F i n a l  Casing,  
20" - 1 3 3 # ,  K-55 - 8 , 4 1 7  
1 3 - 3 / 8 "  - 72# ,  M-80 - 4 , 7 7 5  
9-5 /8"  - 4 7 # ,  P-110 - 3 , 6 7 4  
Tools and Services (Average Cos t ,  $ )  
Conductor P ipe  
Sur face  Casing 
I n t e r .  Casing 
F i n a l  Casing 
- $ 3 , 5 0 0  
- 5 , 0 0 0  
- 7 , 0 0 0  
- 10,000 
A-23 
Category - 2 1 . 0 0  
T i t l e  - Cement 
D e f i n i t i o n  - The o p e r a t i o n a l  e f f o r t s  and m a t e r i a l s  used t o  
f i x  t h e  c a s i n g  f i r m l y  i n  t h e  ho le .  
T i m e  - T i m e  f a c t o r s  re la te  p r i m a r i l y  t o  o p e r a t i o n a l  
a c t i v i t i e s .  Cons ider ing  a c t u a l  f i e l d  
o p e r a t i o n s ,  t h e  fo l lowing  average hour ly  
f a c t o r s  w i l l  be  used.  
Rig Up 
Rig Down 
Cementing 
0' - 4 , 9 9 9 '  
5 ,000 '  - 9 , 9 9 9 '  
10,000' - 15,999 '  
WOC/Tes t 
Cement Tes t ing  
- 2  
- 1  
- 3  
- 6  
- 9  
- 18 
- 6  
cost - C o s t  factors are based upon average  c o s t s  o f  
cement, e q u i p e n t ,  and services. N o  d i s c o u n t s  
are inc luded .  For Models 1 and 2 ,  t h e  
fo l lowing  c o s t s  w i l l  be used.  
Cement, Model 1 
Conductor P i p e  - $5,500 
Sur face  Casing,  2300 sacks  - 9 , 2 0 0  
I n t e r .  Casing,  2300 sacks  - 9 , 2 0 0  
F i n a l  Casing,  237 sacks  - 950 
A-24 
Cement, Yodel 2 
Conductor P i p e  
Sur face  Casing,  3050 s a c k s  
I n t e r .  Casing,  1 2 0 0  s acks  
F i n a l  Casing,  2500  s acks  
Equipment 
Sur face  Casing 
I n t e r .  Casing 
F i n a l  Casing 
Services ( i n c l u d i n g  mi l eage )  
0 '  - 4 , 9 9 9 '  
5 ,000 '  - 9 , 9 9 9 '  
1 0 , 0 0 0 '  - 1 5 , 9 9 9 '  
- $ 5,,500 
- 12 ,200  
- 4,800 
- 10 ,000  
- $ 5,000 
- 1 0 , 0 0 0  
- 12 ,000  
- $ 2,000 
- 3,000 
- 4,000 
A P P E N D I X  B 
VARIABLE COST C A T E G O R I E S  A N A L Y S I S  
€ 
m 
1 
P 
Data Category 
Ac t i v  i t y 
N o n d r i l l i n g  Opera t ions :  
D r i l l i n g  Opera t ions :  
Nongrani t lc  Rock 
G r a n i t i c  Rock w/Turbin 
G r a n i t i c  Rock w / T u r b i n  
Tr ipping  : 
0' - 4,999 '  
5,000' - 9,999' 
10,000 '  - 15,999 '  
VARIABLE COST 
CONVENTIONAL ROTARY DRILLING. COW1 h COW2 
T a b l e  1-8 
4.03 
Conv. Rig 
Operat ion  
Rate 
(S lhr . )  
34 0 
34 0 
34 0 
340 
34 0 
34 0 
34 0 
5.01 
Fuel  
c o s t  
($ /h r .  1 
1 4  
4 1  
4 1  
4 1  
4 1  
82 
123 
6.01 
Trane.  h 
Misc . 
c o s t  
($/tu.) 
90 
90 
90 
90 
90 
90 
90 
7.01 
R e n t a l  
c o s t  
($1 h r  . I  
50 
50 
250 
50 
50 
50 
50 
8.01 
S u p e r v i s i o n  
c o s t  
($/tu.) 
31 
31 
31 
31 
31 
31 
31 
11.01 
Mud 
c o s t  
(SIhr .1  
0 
23 
3 
3 
0 
0 
0 
Y 
Tot a 1  
c o s t  
(SIhr.1 
525 
57 5 
555 
555 
552 
593 
634 
VARIABLE COST 
FLAME JET DRILLING, FLJETl 
MODEL 2, CASE I 
Tab le  2-B-1 
Data Category  1 4.05  4.02 5 .01  6.02 I 7.02 8.02 9.02 10 .01  19 .01  
Sepc. 
Equip. 
(S /hr  .) 
F1. J e t  
Opera t ion  
Rate 
(SIhr .1  
Conv. Rig 
Standby 
Rat e 
($ /h r . )  
F u e l  
c o s t  
( S / h r . )  
Trans .  6 
Misc ., 
c o s t  
( S l k . )  
R e n t a l  
c o s t  
( S l h r  . 1 
Superv i s ion  
c o s t  
( S / h r . )  
Water 
c o s t  
(S /h r  .) 
Propane 
c o s t  
(S lh r  .) 
T o t a l  
c o s t  A c t  iv 1 t y 
8 5  
85  
85 
8 5  
8 5  
497 
68 0 
517 
558 
599 
Nondr i l l i n g  Opera t  ions :  Y 
N 
D r l l l l n g  Opera t ions :  
With Propane 
50 
50 
50 
50 
50 
250 
250 
250 
250 
250 
21 
98 
4 1  
82 
123  
50 
50 
50 
50 
50 
1 0  
1 0  
1 0  
1 0  
1 0  
3 1  
3 1  
3 1  
3 1  
3 1  
0 
49 
0 
0 
0 
0 
57 
0 
0 
0 
Tripping:  
0' - 4,999'  
5,000' - 9,999'  
kO, 000' - 15,999'  
c c 
VARIABLE COST 
FLAME JET DRILLING, FLJETl 
MODEL 2. CASE I1 
Tab le  2-B-2 
Data Category 4 .05  4.02 5.01 6.02 7.02 8.02 9.02 10 .01  1 19 .01  
F1. J e t  
Opera t ion  
Ra te  
(S /hr . )  
Conv. Rig  
Standby 
Rate 
(S lhr  .) 
Fue l  
c o s t  
(S /h r . )  
Trans .  6 
Misc. 
c o s t  
(S /h r . )  
Ren ta l  
c o s t  
(SIhr.1 
Superv i s ion  
c o s t  
( S/h r .  
Water 
c o s t  
($/I=. 
Pro pan e 
c o s t  
( S / h r  .) 
T o t a l  
c o s t  
(S /h r  .) 
667 
850  
687 
728 
7 69 
Spec. 
Equip. 
(S /hr . )  
8 5  
85  
85  
85 
8 5  
A c t i v i t y  
21 
98 
41  
82 
123  
50  
50 
50  
50 
50 
180  
180  
180 
180  
180  
3 1  
3 1  
3 1  
3 1  
31 
0 
49 
0 
0 
0 
0 
57 
0 
0 
0 
N o n d r i l l i n g  Opera t ions :  
D r i l l i n g  Opera t ions :  5" w 
With Propane 
50 
50 
50 
50 
50 
250 
250 
250 
250 
2 50 
Tr ipp ing :  
0 '  - 4,999'  
5,000' - 9,999'  
10,000' - 15,999 '  
e 
Water 
c o s t  
(S/hr . )  
c 
Propane 
c o s t  
(S /h r . )  
VARIABLE COST 
FLAME J E T  DRILLING, FLJETl 
MODEL 2, CASE 111 
T a b l e  2-B-3 
~~ 
19.01 4.05 4.02 5.01 6.02 7.02 8.02 Data Category 
F1. J e t  
Opera t ion  
Rate 
(S/hr . )  
Conv. Rig 
Stand by 
Rat e 
(S/hr  .) 
F u e l  
c o s t  
(S /h r . )  
Trans.  & 
Misc . 
c o s t  
(S lh r  .I 
R e n t a l  
c o s t  
( $1 h r  . ) 
S u p e r v i s i o n  
c o s t  
(S /h r . )  
T o t a l  
co si 
(Slhr.)  
Spec. 
Equip . 
(S/hr  .I 
A c t i v i t y  
300 
300 
300 
3 00 
300 
250 
250 
2 50 
21 
98 
4 1  
82 
123 
50 
50 
50 
50 
50 
1 0  
1 0  
1 0  
1 0  
10  
31 0 
49 
0 
0 
0 
0 
57 
0 
0 
0 
8 5  
85  
85  
8 5  
85  
747 
930 
767 
a39 
911 
Nondr i l l i n g  Operat  ions : 
f Drilling Opera t ions :  
With P ropane  3 1  
31 
31 
31 
Tripping:  
0' - 4,999'  
5,000' - 9,999'  
10 ,000 '  - 15,999'  
250 
2 50 
VARIABLE COST 
FLAME JET DRILLING, FLTETl 
MODEL 2. CASE IV 
Table 2-B-4 
~~ 
Data Category 4.05 4.02 5.01 6.02 I 7.02 1 8.02 9.02 10.01 19.01 
F1. Jet 
Operation 
Rate 
($ /  hr . 
Conv. Rig 
Standby 
Rate 
( S / h r . )  
Fuel 
c o s t  
(S /hr . )  
Trans. C Rental Supervision 
Misc . I cost  I cost  Water cos t  
($/I-=.) 
Pro pan e 
cost  
($ /hr . )  
Spec. 
Equip . 
( S / h r . )  
Total 
c o s t  
($/I=.) 
Act iv i ty  
85 
85 
85 
917 
11 00 
937 
I009 
1081 
Nondr ill ing Operations : 
5" 
Wi Dri l l ing  Operations 
With Propane 
300 - 
300 
300 
3 00 
300 
250 
250 
2 50 
250 
250 
21 
98 
50 
50 
50 
50 
50 
180 
180 
180 
180 
180 
31 0 
49 
0 
0 
0 
0 
57 
0 
0 
0 
31 
Tripping : 
0' - 4,999' 
5,000' - 9,999' 
10,000' - 15,999' 
41 
82 
123 
31 
31 
31 
85 
85 
c 
Mud 
c o s t  
(Slhr.) 
e 
To t a l  
c o s t  
(S/hr.)  
Data Category  
A c t i v i t y  
N o n d r i l l i n g  Operat ions :  
9)' D r i l l i n g  Opera t ions :  
0 
N o n g r a n i t i c  Rock 
G r a n i t i c  Rock 
Tr ipping:  
0' - 4,999' 
5,000' - 9,999' 
10,000'  - 15,999'  
VARIABLE COST 
CONVENTIONAL ROTARY DRILLING, W E T 1  h FLJET2 
T a b l e  3-B 
4.03 
Conv. Rig 
Operation 
Rat e 
(Whr.1 
340 
34 0 
340 
34 0 
340 
34 0 
~ ~ 
4.09 
F1. Jet  
Standby 
Rate 
( S l h r .  1 
30 
30 
30 
30 
30 
30 
5.01 
F u e l  
cost 
(Slhr .1 
14 
4 1  
4 1  
4 1  
82 
123  
6.01 
Trans.  b 
Misc. 
c o s t  
(SIhr.1 
90 
9 0  
90 
90 
90 
90 
7.01 
R e n t a l  
c o s t  
(Slhr .1 
50 
50 
50 
50 
50 
50 
8.01 
S u p e r v i s i o n  
c o s t  
(S lhr . )  
3 1  
31 
3 1  
3 1  
3 1  
31 
11.01 I 
0 
23 
3 
0 
0 
0 
555 
605 
58 5 
58 2 
623 
664 
APPENDIX C 
OPERATION TIME, DIRECT COST, AND 
VARIABLE COST DATA 
"DATA' 
1.00 
2.00 
3.00 
3.01 
3.02 
3.03 
3.ok 
3.05 
3.06 
3.07 
3.08 
3.09 
3.10 
k.00 
k.01 
k.42 
k.03 
k.06 
k.07 
k.08 
LO9 
k.10 
k.11 
5.12 
4.13 
k , l k  
k.15 
k.16 
k.17 
4.18 
k.19 
5.00 
5.01 
5.02 
5.03 
5.05 
Road Location 1 Site Preparation (Total $1 50000 - 50000 - I  Conventional Dri~.. CON1 1 COllV2 
Initiation (Total $1 
Rig k t  (Total $1 
Rotary Rig hbilization (Rig Up, 
R o t q  Rig Demobilization (Rig Doun1 
Fl. Jet Rig Design No. 1 hbil. 
Fl. Jet Rig Design 10. 1 Derobil, 
Rig Operating Rates ($Mr,1 
Rotary Rig Standby - Camentional Rig 
Rotay Rig S t w d t y  - Flare Jet Rig 
Rotary Ri j k l y  ui# Pipe 
Rotary Rig Hourly uithout Pipe 
Fl. Jet Rig Des. Ho, 1 Hourll~ 
fl. Jet Rig Des. Ho, 1 Standby 
Flm Jet Ri j Design No. 1 Conversion 
F1.w Jet Rig Raintenme 
Flaw Jet RIg lainkname Parts 
Flare Jet Rig BHA Change 
. .  
1 VC-01 hndrlg. Opa. 
I vc-02 hgranitic Rock 
I K-03 Granitic Rock, wflvbin 
100000 1kOO loo000 M,09 I vc-ok Granitic Rock, w/Turbin 
15000 72,00 15000 72.00 I hlg. Opa.: 
k5OOO 72.04 
10000 B.00 
5ooo 8.00 
200 
250 
340 
300 
50 
- - 
- 
- 
- 
30 - 
- 4.0Q 
- 2.00 
- 2.00 200 
- 
t - 
kW 72.00 I Tripping: 
kO000 96.00 I VC-05 0' - kW9' 
I VC-06 'rn' - 9999' 
1 R-07 10000' - 15955" 
I 
15000 k8.00 I 
I 
I 
I 
I 
1 
2M) - I  Flm Jet Drlg.' FLJETl l FLJET2 
250 - I VC-10 Nondrlg. Ope, 
34 - I K-11 Drlq. Oper.: 
300 
3M) 
- 
- 
210 - 
- 12.00 
- 2.00 
- 2.00 
200 - 
t 
vc-11 Vi# OXlJgen 
VC-12 Yith Air 
Tripping 
VC-13 0' - 4%'' 
K-1k 5000'- 9999' 
VC-15 10000' - 15999' 
Conventional Drlg.l FLJETl C RJETZ 
VC-20 h d r l g .  Opw, 
vc-21 Wangranitic Rock 
vc-22 tiranintic Rock 
Tr i p p i ng 
VC-23 0'- kW' 
VC-2k 5ooo'- 9999' 
K-25 loooo' - 15999' 
Drlg. ope.: 
525 
575 
555 
555 
552 
593 
634 
k97 
623 
600 
517 
558 
599 
555 
605 
585 
582 
623 
66k 
c-1 
6.01 
6.02 
6.03 
6.04 
6.05 
6.06 
6.07 
b.08 
6.09 
7.00 
7.01 
7.02 
7.03 
1.04 
7.05 
8.00 
8.01 
8.02 
8.03 
8.W 
8.05 
Rotary Rig 
Flae kt R i g  Desijn h. 1 
Rental Cost (Mr.1 
Rotay R i  9 
Flae k t  Rig Design Na. 1 
Supervision Cost (IAIr.1 
Rotary Rig 
Flare Jet Rig Design Na, 1 
9.00 Yater Cost 
.01 Rotary R i g  (Total $1 
.02 F l u e  Jet Rig k i j n  h. 1 (I/Hr,) 
9.03 
9,OC 
9.05 
9.06 Yater Disposal (Total 5 )  
9.07 
9.08 
9.09 
9.10 
10.00 Propane cost ( M i r e )  
10.01 Propa 
10.02 
10.03 
- 11.00 Rud Cost 
11.01 Ld Cost ($/l!r.) 
11.02 
11.03 
hd Conditioning (Total I I Average Hrs.1 
12.00 
12.01 
12.02 
12.03 
0 i:: 
13.00 
1 13.01 
13.02 
13.03 
13.04 
Bits 
Bit Change (Average HK.) 
Bit Cost 26" Hole (Total $1 
Bit Cost 17 1/2" Hole (Total $1 
Bit Cost 12 1/2" Hole (Total $1 
Bit Cost 8 3/k" Hole (Total I) 
Both Hole Ikwbly (W1 
BHll Change (Average k.1 
EM Cost (Total 4)  
90 
50 
- 
- 
f 
f - 
90 
55 - 
3 
f 
- 
- 
31 - 31 
31 - 31 
- 
6600 - 6600 
49 - 49 - 
6000 - 6000 " 
f - 
f - 
500 3 
- 2.00 
1000 - 
f - 
500 3 
- 1.00 
12930 
4947 - 
8414 
447 
- 
- 
- 2.00. 
1000 - 
c-2 
Dir. Cost Rod 1 Rod 1 Rod 2 fbd 2 I Variable Vwi able 
Op Tile Activity Dir Cost Cy TiN Dir Cost Op Time I .Cost Activity Cost 
~'kgonJ ($1 (k.) (01 (k.1 I Categoy (IMr.) -- ___ -----I-_- ---- -_ ------ -------- --- --I_ ------ -  ----- %k- Tripping Inor out (Average k.1 
Pipe - Conventional Rig 
14.01 0'-4999' - 1.50 - 1.3 
14.02 5000'-9999' - 3.50 - 3.50 
1k.03 10000'-15W9' - 7.00 - 7.00 
14.04 0 ' -4999 ' - 1.50 - 1.50 
14,05 5ooo'-9999' - 3.50 - 3.50 
14.06 1oooO'-15999' - 7.00 - 7.00 
hbilical - flaw kt Design No.1 
15.00 
15.01 
15.02 
15.03 
15.0k 
15.05 
15.06 
15.07 
15.08 
16.00 
16.01 
16.02 
16.03 
16.04 
16.05 
16.06 
16.07 
16.08 
16.09 
16.10 
17.00 
17.01 
17,02 
17.03 
17.04 
17.05 
17.06 
17.07 
Logging (Total I C Average Hrs.1 
Rig up 
Rig Dovn 
Trip In or Trip Dut 
0'-4!?99' 'M'-rn' 
1oooO'-15999' 
Logging Cost wd Tiw 
S w i n g  (Average HFs.1 
0'-4949' 
5000'-9v9' 
looOo'-15999' 
Trip I d r i p  Out, Survey 
Drilling IFeetlHr.) 
Conventional Rig 
Rotary Drilling: iongranitic Rock 
Granitic Rock 
Cered 
R e a  i ng : #ongranitic Rock 
Granitic Rock 
Turbo Drilling: Granitic Rock 
Coring 
- 2.00 - 2.00 
- 1.00 - 1.00 
- 1.00 - 1.00 
- 1.50 - 1.50 
- 2.00 - 2,oo 
2ooo 24.04 2000 24.04 
- 2.00 - 2.00 
- 3.00 - 3.00 
- 4.00 - 4.00 
- 8.00 - 8.00 
- 6,00 - 6.00 
- 11.00 - 11.00 - 8.00 - 8.00 
- 6.00 - 6.00 
- 15.00 - 15.00 - 6.00 - 6.00 
c-3 
18.00 Uell Head 
18.01 Insta l la t i rm (herage k.1 - 12.00 - 12.00 
18.02 Equipment Cost 20" Casing (Total $1 17000 - 17000 - 
18.03 Equipment Cost 13 3/8" Casing (Total $1 lM00 - 16000 - 
18.04 Equipment Cost 9 5/8" Casinp (Total $1 15000 - 15000 - 
18.05 
18.06 
18.07 
18.09 
18.10 
19.00 Spec i a1 Equipment 
19.01 E q u i p m t  Cost ItlHr.1 
19.02 
19.03 
19.04 
19.05 
19.06 
, '"07 
19.10 
20.00 
20.01 
20.62 
20.03 
20.04 
20.05 
20.06 
20.07 
20.08 
20.09 
20.10 
3.11 
20.12 
20.13 
Casing 
Operat iam 
Rig Up (krage HE.) - 2.00 - 2.00 ' 
Rig DWM (kap  HK.1 - 2.00 - 2.00 
Running k i n g  (Average t&rs./lOOO Ft.) 
20 in. - 3.50 - 3.50 
13-3/8 in. - 3.00 - 3.00 
9-518 in. - 3.00 - 3.00 
Liner Hanging (Average k . 1  - 3.00 - 3.00 
Prepare to  Rtrn Casing (Average HE.) - 24.00 - 24.00 
Cost 
conduck 
Casing ($/100'1 - - 
Tools 8 Sewice (Total $1 - - 
Casing ($/100'1 8417 - 8417 - 
Tools 8 Sewice (Total $1 so00 - 5000 - 
Casing Wl00'1 2882 - 4775 - 
Tools 8 Service (Total $1 7000 - 7ooo - 
Casing (V100'1 - - - - 
Tools 8 Service (Total $1 - - - 
Surface Casing 
Interwdiate Casing 
kcond Intermediate Casing 
- 
c-4 
20.16 Casino (J/100'1 2723 
20.17 
21 .oo 
21.01 
21 ,a2 
21.03 
21.04 
21.05 
21.06 
21.07 
21,08 
21.09 
21.10 
21.11 
21.12 
21.13 
14 
.15 
21.16 
21.17 
21.19 
21.18 
2i.m 
21.21 
21.22 
h t i n g  
O p a t i o m  (Average k.1 
Cementing - (Average k.1 
Rig up 
Rig Dow 
O'-k599' 
5oO0'-9999' 
1oooo'-15999' 
YOC/TKt 
Cement Testing 
Cost (Total 1) 
Conductor 
Cerent 
Equipuent 
Sewice 
Surface Casing 
Cwnt 
Equiprsnt 
Service 
Gmlt 
Equipmt 
S w i c e  
b e n t  
Equipment 
!iwice 
Final Casing 
CeItnt 
Equipmt 
Service 
Intswdiak Casing 
Second Interrwdiate Casing 
- 3674 
- 10QM 
2.00 
1.00 
3.00 
6.00 
9.00 
18.00 
6.0 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 12200 
- 5000 
- ZOO0 
- 4800 
- loo00 
- 2000 
- - 
- 
- - 
- 10000 
- 12OOo 
- 4000 
c-5 
APPENDIX D 
DRILLING MODELS 
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50. 
61. 
62. 
63 I 
64 I 
65 * 
66. 
67. 
63 I 
69, 
70. 
71 I 
72. 
73. 
7i. 
75. 
76. 
77. 
78. 
79 I 
86. 
81. 
22. 
84. 
85. 
87, 
88, 
89. 
90. 
91. 
n. 
93. 
94 I 
95 I 
96 I 
97. 
99. 
100. 
101 I 
102. 
103. 
104 
105, 
106. 
107 I 
108. 
109. 
110. 
111. 
a3. 
86. 
pa. 
Ceaeni 
Equ i y m t  
Swice hd liltage 
Rig Goun C a d  Tools 
C e m t  Testing 
Install Well Head 
LlOCi Test 
Chdnge Bit 
Change BHA 
Trip In 
Drill Cemt 
kill 
m 
Trip Out 
Trip In 
Grill 
SWY 
Rear 
Trip Out 
Change Bit 
Change BHA 
Chay Eit 
Change BHA 
Trip In 
Drill 
Trip Out 
Trip In 
Drill 
50r;rq 
Rears 
Trip Out 
Condition flud 
Prepart to Run Casing 
Rig Llp Casins Tools 
Run 13 3i9 Casing 
Cas i ng 
Tools/ Services 
Rig Down Casing Tools 
Rig Up C e w t  Twis 
Cestnt i ng 
Ceim t 
Erpipid 
sly.; i ces 
R i g  Down k m t  ToOk 
C w n t  Testing 
Install kll Head 
LfOCiTest 
Change Bit 
5wq 
Change Eit 
Change BHA 
change BHA 
I i x . 0 0  
I 1785.00 
I li85,OO 
1 1;35.00 
I li85,QO 
I i7mo 
I 1785.00 
I 1765.00 
I 1765.00 
I 1785,CO 
I i785.00 
I 1785.00 
I 1940.00 155,oi) 
I 1940.00 
I 1940.00 
I 1910.00 
I 1940,00 
I 1940.C4 
I ?29m 355.00 
I 2295.00 
I 2F5.00 
I 2295.00 
I 2295.04 
I 2295.00 
I 2?f;,oo 
1 2M.GO 
I 2M.00 
I 2M.00 
I 2463.00 
I 24h3.00 
I 2463.00 1a.N 
25P3.00 130.00 
393.00 
2593.00 
2593.130 
2573.00 
2593.00 
2593.00 
2593.00 
2593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 393.00 
I 593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 2593.00 
I 2593,Oo 
21.03 
I 0 0  
I90 
IO0 
21.02 
21.07 
21.06 
12.01 
13.01 
14,01 
17.03 
l7,Ol 
16.01 
14.91 
12.01 
13.01 
11.01 
17.01 
16.01 
17.04 
14.01 
12.01 
13.01 
1 4 i 1  
17.01 
16.01 
14.01 
12.01 
13.01 
14.01 
17,02 
16.01 
17-05 
14.01 
11.02 
20 I O ?  
20.01 
20.04 
m o o  
.00 
20.02 
21.01 
21.03 
.Qo 
I 00 . 00 
21.02 
21 .07 
18.01 
21.05 
12.01 
13.91 
1a.a 
D-11 
3.60 !)c-;o 
,GO - 
.:jo - 
.oo - 
1.M VC-20 
5,OO IC-20 
12,oo VC-20 
18.00 K-20 
1,OO [IC-20 
2.00 vc-29 
1.50 vc-23 
.45 vc-21 
1 9 3  VC-21 
2.00 ilc-24 
1.50 vc-23 
1,oo vc-20 
2.00' vc-20 
1.50 vc-23 
2.00 vc-20 
12.50 VC-3 
1,50 \t-23 
1.00 R-20 
2.00 vc-20 
1 . 5r J yc-23 
21.00 vc-21 
2.00 VC-20 
1.50 it-23 
1.90 vc-20 
2.00 X-?0 
1.50 1t-23 
21.67 vc-22 
2.00 Irc-29 
16.67 VC-22 
3.00 VC-20 
24.00 VC-20 
2.00 vc-20 
7.47 VC-23 
,Oo - 
a00 - 
2.00 vc-20 
2.00 vc-20 
L O O  vc-20 
.oo - 
.oo - 
.oo - 
1.00 vc-20 
6.40 'X-20 
12.00 'iC-20 
1.00 vc-20 
2.M vc-20 
;4.:a vi-21 
* r  
l s J 0  !/c-23 
ia.00 vc-20 
1665.00 
,% 
' $4 
555. 04 
333 I00 
Mio.00 
9990.00 
555 t 00 
11 i3.00 
973.00 
27"; I 90 
11721 '83 
11 14.00 
555.00 
lll0,;kt 
A. 
I vi 
a73 I 00 
ai:. 00 
aa 
1110.00 
7&2, 50 
8?3,0Q 
11 10.00 
873 I90 
12705.00 
1119.00 
873, QO 
x.00 
11 10 .00 
12675.00 
1119.09 
?i50.00 
873.00 
1665,CO 
13320.00 
11 10.60 
4347.54 
I40 
100 
1 1 10 I 00 
1110 IO0 
1665,OO 
.oo 
a 0 0  
.00 
555.00 
ao.00 
5660. 00 
9994.00 
555.00 
lllO.rJ0 
ccc A 
4JJeVO 
a73.00 
I 00 AN m,61 
21.11 72$~lii3.00 211r.61 
3 . 1 2  5000.00 ??,A1 
21.13 ?090,00 291.61 
8 00 .OO 300.51 
0 00 .00 306.61 
IO0 .OO 336.51 
12.03 4747.00 U.61 
13.02 1OOO.X 339.61 
.00 .90 341,ll 
I O 0  .OO 341.56 
IO0 .04 360.93 
* 00 .00 362.93 
I09 .go 364.4 
12.03 4947.00 35.43 
13.02 1000.00 37.43 
IO0 .Go 3&93 
8 00 '00 413.31 
I C 0  .go 415'31 
IO0 .OO 427.31 
I00 .# i27.31 
12.63 4947.00 4N,31 
13,02 1000.00 432.31 
8 00 ,OO 433.81 
I00 .00 454.61 
GO 458.3  
12.03 4947.00 451.31 
13.02 1000.00 461.31 
SM 8 0 0  462,91 
I OB ,00 484.48 . 00 .oo 486.43 
I30 ,00 503.14 
'00 .b3 504.64 
11,02 500.00 .507.64 
IO0 .# 531.64 
.M .OO 533.64 
,GO ,OO 541.11 
20.12 71761.80 541.11 
20.13 i000.00 541.11 
* 00 .00 5 4 x 1  
I00 A9 545,li 
IO0 .IO 54.11 
21.14 '?200.00 548.11 
21.15 lGoM.00 548.11 
2 1 J 6  2000.00 548.11 
s o 0  ,OO 549.11 
IO0 .00 85.11 
18.03 16000.00 567.11 
60 .oo 585.11 
12,Oi 4947.00 586.11 
13.02 10013.00 51.11 
18.02 i7000,oo 318.61 
. 00 ,130 4 w i  
+3?45,3l 
410145.34 
415145.34 
41il45.34 
4177JOii 
421030.34 
444630 I ;4 
454680.3 
Mi182.34 
i6232?,34 
4633165.34 
46j440.34 
475162.21 
4 7 6 2 2 2 1  
4777145.21 
484357.21 
485130.21 
512477,09 
513587.09 
5?1l4F, 59 
5220z?.;y 
527524.59 
529534 I57 
m 0 7 , 5 9  
54212.59 
544322.59 
545195.51 
m597,59  
553600.59 
566355.59 
Jbr & .J9 
577215.59 
33088,5? 
580253.59 
59393.51 
594583.59 
5WO3l. 13 
57079?. 93 577777 -- .. rJ 
560012.93 
68167?.93 
690877,93 
ia2647.2i 
552~07.59 
r - i r c  
5ia~o2.9; 
7ooa77.9: 
7 0 ~ 7 . ; 3  
703432.93 
706752 I13 
729422.93 
739412.73 
744914.93 
747024.33 

166, 
167. 
168. 
169. 
170. 
171, 
172. 
173, 
174. 
175. 
176. 
177. 
178. 
179. 
180. 
181. 
182. 
183. 
184. 
185. 
186. 
187. 
!it. -cus :;;: 
191, 
Drill Cemt 
Trip Ovt 
Conwt to Fl. Jet 
Trip In 
F l a t  kt Drill 
Trip O u t  
Trip In  
Flare kt Drill 
Trip Out 
Rig Up Logging 
Trip In 
Lo9 
Trip Out 
Rig bun Logging Tools 
Fixed Charges 
Road L Site 
In i t i at i on 
Con. R i g  ilobil. 
Con. Aig Dmbil. 
Flare .kt hbil .  
F l a w  Jet Demobil. 
Yatw 
Mater Disposal 
Fl. kt Blainhame 
i 11616.00 
I 11616.00 
I 11616.0i) 
I 11616.00 
I 11616.ciO 
I 13776.00 2160.00 
I 13776.00 
I 13776.30 
i 13776.80 
I 15289,M 1513.00 
I 15281.00 
I 152S9.N 
I 15261.03 
I 15289.83 
I 15289,OO 
I 1597.00 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
13.01 
14.33 
17.05 
14.03 
4.13 
14.06 
17.10 
14.06 
4.17 
l4.lj.6 
17,iO 
l4.OS 
15.01 
15.E 
15.06 
15-05 
15.02 
2.03 VC-20 
7.811 t'c-25 
j,q5 yC-21 
7,OO QC-25 
4.00 G'C-10 
7.00 !IC-15 
24.00 VC-12 
7.30 K-15 
2.M VC-10 
7,00 vc-15 
16.81 'x-12 
7.00 x-15 
2,00 vi-20 
2.00 VC-20 
24,a VC-20 
2.00 vc-20 
1.00 K-20 
11103 
4648.00 
2090.% 
4 4 8  I00 
1'?38,00 
41 13,OO 
16320.00 
419UO 
914.00 
41 9;. 00 
11431.56 
4193.00 
11 10 I O 0  
lliO.00 
13;2ci.oo 
11 10.00 
555 a 00 
13.02 
I CO 
#o$ 
IO0 
a 0 0  
IO0 
.GO 
a 0 0  
4,18 
8 00 
.a 
IO8 
,oo 
I00 
.00 
* c0 
I O 0  
lk%.% 953.87 
.$Q Pt0.87 
,00 954.32 
a 0 0  971.32 
.oo 975.32 
.00 982.32 
.OO 10M.32 
.a0 1013.52 
200.00 1015.32 
.DO 1022.32 
.M 1039.13 
,00 1046.13 
,oo 1048'13 
.00 1050.13 
.Oa 1074.13 
.O0 1076.13 
,@I 1477,13 
1.00 3~0.00 107.13 
2.04 1 ~ . 0 0  1077.13 
L31 lOOOOG.00 1077.i: 
3.02 45000.00 1077.13 
3.03 10300.00 1077,13 
3.07 5000.00 1Oi7,13 
9.3i 6650.00 j077.13 
9.06 5i?$O0.00 10;7,13 
13J4jp137.58 
1348455.58 
1350545.3 
1355193,58 
137181.3l 
1?61374.59 
1377494.58 
1381887.58 
13S381.53 
138727iS8 
13fr8706.14 
1 k02899. 15 
14r)I#9'14 
1505119.14 
1413439.i4 
14 19549, 14 
1420104.14 
1 4iBi04.14 
14ElQ4.i4 
1 565104. 14 
1630104.14 
164O104, 1 4 
1645104.14 
165m4.14 
i55704. 14 
D-13 
